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(Received June 8, 1960) 





We have recently reported work’»? designed to oo 


use ions, produced in liquid He by ionization 
with a particles, as microscopic probes to study 
the properties of the superfluid. A time-of-flight 
method permitted direct measurements of the 
drift velocity u of the ions in the presence of an 
applied electric field 6. When & is kept suffi- 
ciently small, the ion energy never exceeds 
thermal energy appreciably; the ion mobility 
u=u/S is then independent of the field &. The 
temperature dependence of » is shown in Fig. 1. 
Below 2°K it is accurately given by an equation 
of the form 


uw =a@ exp(A’/kT), (1) 


A’/k being 8.8°K for positive and 8.1°K for 
negative ions. This result was interpreted in 
terms of the scattering of ions by rotons. The 
number density of thermally excited rotons 
n,<exp(-A/kT) decreases rapidly as the tem- 
perature is reduced, and yp «ny~'. The energy 
A necessary to create a roton is deduced from 
neutron scattering experiments® as being A/k 
=8.65°K, in good agreement with the values used 
in (1). 

Figure 1 shows, however, that, below about 
0.65°K for positive and 0.8°K for negative ions, 
a plot of Inu vs T~ begins to deviate below the 
straight line of Eq. (1). This suggests that at 
these low temperatures n, has become so small 
(n,.=2x10'° cm~ at 0.6°K) that some other 
scattering processes become predominant. The 
two possibilities which suggest themselves are 
(a) scattering of ions by the phonon excitations 
of the fluid and (b) scattering by the few He® ; 
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FIG. 1. Experimental values of the ion mobility yu 
as a function of absolute temperature T in liquid helium 
containing various atomic concentrations C; of He’. 


atoms present in the liquid helium. (In well 
helium the isotopic abundance of He’® is 1.4107’; 
this results in n, =3 x10'* He® atoms being present 


., per cm of liquid helium.) To distinguish between 
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these two possibilities we first tried to purify 
some ordinary helium from He’ by superflow 
through porous Vycor glass.* The degree of 
purification thus achieved could unfortunately 
not be ascertained by mass spectrometers avail- 
able to us because of the very low He® concen- 
trations involved. Experiments on ion mobilities 
in the helium thus purified led to results sub- 
stantially the same as those in ordinary helium. 
We therefore decided to carry out experiments 
in helium to which known small amounts of pure 
He® had been added. The atomic concentration 

c, of He® in the helium could be computed from 
the proportions of the gases mixed and was sub- 
sequently checked approximately by mass spectro- 
scopic analysis. Results of two sets of ion mobility 
measurements in liquid He containing He* con- 
centrations c,’=1.3 x10~° and c,’’=5.1x10°~, 
respectively, are shown in Fig. 1. The experi- 
ments show clearly that He* atoms in superfluid 
liquid He* do indeed act like impurities which 
constitute additional scattering centers for the 
ions. The magnitude of the observed effects 

also shows that scattering by the isotopic abun- 
dance of He® in ordinary He is too small to 
account for any appreciable deviations of the 

ion mobilities from the straight lines of Eq. (1). 
These deviations are then presumably due to 
scattering of the ions by phonons. 

If the scattering centers are assumed to act 
independently of each other, the total probability 
Tt, per unit time, of an ion being scattered is 
the sum of the probabilities that it is scattered 
by rotons, phonons, and He* atoms. Since 
ut=(e/M)r, M being the effective mass of the 
ion, this implies that u™ =p," +pup*+y,7. 
Here yu 8 denotes the ion mobility in the presence 
of scattering centers of type s only, and s=r7, p, 
and 3 refers to rotons, phonons, and He® atoms, 
respectively. Hence one can use a subtraction 
procedure to obtain from the data estimates 
(of reduced accuracy) for Lp and p,. Specifically, 
if 4. denotes the measured mobility in ordinary 
or purified helium and y., the mobility extra- 
polated from the straight lines of Eq. (1), then 
Lp can be estimated from nu, =", -u,~. 
Also, if 1, denotes the measured mobility in 
helium enriched with He*, then y, for this par- 
ticular concentration of He* can be deduced from 
Hs *=Hy*-u,*. Results of this analysis are 
summarized in Table I. Estimated values of 
the mobilities at 0.55°K are shown in the column 
labeled yu s" The ratio of the mobilities py, cal- 
culated for the two enriched samples is in satis- 
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Table I. Ion mobilities u., at 0.55°K, due to scat- 
tering of ions (é) by phonons (s=p) and by He’ atoms 
(s=3) present in the two concentrations ¢,’= 1.3 10> 
and ¢;'"=5.1x10. Djo=(o;5/n)”* denotes the ion- 
scatterer collision diameter estimated for M=Myg¢. 
The temperature dependence is of the form » «Tr, 
with the values of F listed in the last column. 








Ion Scatterer Ms Dis 

(i) (s) (cm? vy“! sec!) (A) k 
+ phonon 5900 1.3 3.320.3 
+ He*: c,’ 4350 see =O 

+  He*: c,’’ 1200 8.8 =0 
- phonon 240 6.2 2.4+0.4 
- He*®: c,’ 560 vee £1 
- He*: ¢,” 180 22.9 £1 





factory agreement with the ratio 3.9 of the 
respective He® concentrations. From pu 5 one 
can estimate the ion-scatterer collision cross 
section o;, for an assumed effective mass M of 
the ion since the number density of scatterers 
is known. [For c,=5.1x1075, n,=1.1x10"" He® 
atoms/cm*; from the velocity of sound C =237 
m/sec, one computes Np =2.4(41)(RT /hC)® 
=3.4x10"* phonons/cm* for T=0.55°K.] Values 
of D;,=(0;,/7)” calculated for M=My, are ’ 
listed in Table I. (My.=mass of He atom.) It 
is likely that?»> 47> Mye} then one has approxi- 
mately® D;,«M~“*. For comparison, the data 
at about 0.9°K, where roton scattering is still ’ 
predominant, yield estimates (for M=My,,) of 
Dj,=30 A for positive and D;,=42 A for nega- 
tive ions. These results suggest that a roton is 
a more effective scattering center for an ion 
than a He® atom, and that the negative ion is 
likely to be a larger and more massive entity 
than the positive one. Finally, the temperature 
dependence of the mobilities is of the form’ 
Me «T~® with the values of & listed in the table. 
Thus y», is approximately temperature indepen- 
dent as one would expect from a hard-sphere 
interaction between ion and He* atom. The ’ 
approximate dependence Lp «T° suggests, since 
np <T*, that oj» is roughly temperature inde- 
pendent. On the basis of an ion-phonon inter - 
action basically equivalent to the scattering of 
a rigid sphere by a long-wavelength sound wave, 
one would predict®»? a very different result, 
Hy, xT~®, 

We wish to thank Dr. B. Steiner for performing 
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the mass spectrographic analyses and Dr. M. E. 
Norberg of the Corning Glass Company for pro- 
viding us with porous Vycor glass. 
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®More exactly, Dj,;<(M+M*? /M,)™4, where M, is 
the effective mass of a He* atom. A reasonable esti- 
mate is M;=2Mye. 

'This is deduced from the temperature range from 
about 0.6 to 0.5°K where the mobility differences are 
sufficiently large for the subtraction analysis to be 
feasible. 

8]. M. Khalatnikov and V. N. Zharkov, J. Exptl. 
Theoret. Phys. U.S.S.R. 32, 1108 (1957) (translation: 
Soviet Phys. -JETP 5, 905 (1957)]. 





SHIFT OF AN ELECTRON INTERFERENCE PATTERN BY ENCLOSED MAGNETIC FLUX 


R. G. Chambers 
H. H. Wills Physics Laboratory, University of Bristol, Bristol, England 
(Received May 27, 1960) 


Aharonov and Bohm’ have recently drawn 
attention to a remarkable prediction from quan- 
tum theory. According to this, the fringe pattern 
in an electron interference experiment should 
be shifted by altering the amount of magnetic 
flux passing between the two beams (e.g., in 
region a of Fig. 1), even though the beams 
themselves pass only through field-free regions. 
Theory predicts a shift of » fringes for an en- 
closed flux & of nhc/e; it is convenient to refer 
to a natural “flux unit,” hc/e =4.135 107" gauss 
cm*. It has since been pointed out? that the same 
conclusion had previously been reached by 
Ehrenberg and Siday,° using semiclassical argu- 
ments, but these authors perhaps did not suf- 
ficiently stress the remarkable nature of the 
result, and their work appears to have attracted 
little attention. 

Clearly the first problem to consider, experi- 
mentally, is the effect on the fringe system of 
stray fields not localized to region a but extend- 
ing, e.g., over region a’ in Fig. 1. In addition 
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FIG. 1. Schematic diagram of interferometer, with 
source S, observing plane 0, biprism e, f, and con- 
fined and extended field regions a and a’. 


to the “quantum” fringe shift due to the enclosed 
flux, there will then be a shift due simply to 
curvature of the electron trajectories by the 
field. A straightforward calculation shows that 
in a “biprism” experiment,* such a field should 
produce a fringe displacement which exactly 
keeps pace with the deflection of the beams by 
the field, so that the fringe system appears to 
remain undisplaced relative to the envelope of 
the pattern. A field of type a, on the other hand, 
should leave the envelope undisplaced, and pro- 
duce a fringe shift within it. In the Marton® 
interferometer, conditions are different, and a 
field of type a’ should leave the fringes undis- 
placed in space. This explains how Marton et al.® 
were able to observe fringes in the presence of 
stray 60-cps fields probably large enough to 
have destroyed them otherwise; this experiment 
thus constitutes an inadvertent check of the 
existence of the “quantum” shift.” 

To obtain a more direct check, a Philips 
EM100 electron microscope® has been modified 
so that it can be switched at will from normal 
operation to operation as an interferometer. 
Fringes are produced by an electrostatic “biprism” 
consisting of an aluminized quartz fiber f (Fig. 1) 
flanked by two earthed metal plates e; altering 
the positive potential applied to f alters the 
effective angle of the biprism.* The distances 
s-f and f -o (Fig. 1) are about 6.7 cm and 13.4 
cm, respectively. With this microscope it was 
not possible to reduce the virtual source diameter 
below about 0.2 », so that it was necessary to 
use a fiber f only about 1.5 uw in diameter anda 


3 








VOLUME 5, NUMBER |! 


PHYSICAL REVIEW LETTERS 


Jury 1, 1960 








(a) (b) 


FIG. 2. (a) Fringe pattern due to biprism alone. 
(b) Pattern displaced by 2.5 fringe widths by field of 
type a’. 


very small biprism angle, to produce a wide 
pattern of fringes which would not be blurred 
out by the finite source size. The fringe pattern 
obtained is shown in Fig. 2(a); the fringe width 
in the observing plane o is about 0.6 yu. 

We first examined the effect of a field of type 
a’, produced by a Helmholtz pair of single turns 
3 mm in diameter just behind the biprism. Fields 
up to 0.3 gauss were applied, sufficient to dis- 
place the pattern by up to 30 fringe widths, and 
as predicted the appearance of the pattern was 
completely unchanged. Figure 2(b), for instance, 
shows the pattern in a field producing a dis- 
placement of about 2.5 fringe widths. In the 
absence of the “quantum” shift due to the en- 
closed flux, this pattern would have had the 
light and dark fringes interchanged. We also 
verified that with this interferometer, unlike 
Marton’s, a small ac field suffices to blur out 
the fringe system completely. These results 
confirm the presence of the quantum shift in 
fields of type a’. 

Of more interest is the effect predicted for a 
field of type a, where intuition might expect no 
effect. Such a field was produced by an iron 
whisker,’ about 1 » in diameter and 0.5 mm long, 
placed in the shadow of the fiber f. Whiskers 
as thin as this are expected theoretically’ and 
found experimentally® to be single magnetic 
domains; moreover they are found to taper® with 
a slope of the order of 107°, which is extremely 
convenient for the present purpose. An iron 
whisker 1 yu in diameter will contain about 400 
flux units; if it tapers uniformly with a slope of 
10°, the flux content will change along the 
length at a rate dé/dz of about 1 flux unit per 
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micron. Thus if such a whisker is placed in 
position a (Fig. 1), we expect to see a pattern 

in which the envelope is undisplaced, but the 
fringe system within the envelope is inclined at 
an angle of the order of one fringe width per 
micron. Since the fringe width in the observing 
plane is 0.6 u, and there is a “pin-hole” magnifi- 
cation of x3 between the biprism-fiber assembly 
and the observing plane, we thus expect the 
fringes to show a tilt of order 1 in 5 relative to 
the envelope of the pattern. Precisely this is 
observed experimentally, as shown in Fig. 3(a). 
It will be seen that the whisker taper is not uni- 
form, but in this example becomes very small 
in the upper part of the picture. 

In fact the biprism is an unnecessary refine- 
ment for this experiment: Fresnel diffraction 
into the shadow of the whisker is strong enough 
to produce a clear fringe pattern from the whisker | 
alone. Thus Fig. 3(b) shows the same section of 
whisker as Fig. 3(a), moved just out of the shadow ° 
of the biprism fiber. The biprism fringes are 
now unperturbed; the Fresnel fringes in the 
shadow of the whisker show exactly the same 
pattern of fringe shifts along their length as in 
Fig. 3(a). Figure 3(c) shows a further example 
of these fringes, from a different part of the 
same whisker, with the biprism moved out of 
the way. The whisker here is tapering more 
rapidly. - ’ 

These fringe shifts cannot be attributed to direct 
interaction between the electrons and the surface 
of the whisker, since in Fig. 3(a) the whisker 





(a) (b) (c) . 


FIG. 3. (a) Tilted fringes produced by tapering 
whisker in shadow of biprism fiber. (b) Fresnel : 
fringes in the shadow of the whisker itself, just out- 
side shadow of fiber. (c) Same as (b), but from a dif- 
ferent part of the whisker, and with fiber out of the 
field of view. 
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is completely in the shadow of the fiber. Nor 

can they be attributed to a return field H, parallel 
to the whisker in the region a’ outside it, due to 
the flux emerging from the sides and ends, for 
two reasons. An estimate of the magnitude of 
this field shows that it might be strong enough 

to displace the pattern by perhaps one fringe 
width, but not more, and observation confirms 
that the displacement of the envelope is very 
small; secondly, we have seen experimentally 
that an extended field H, in fact produces a com- 
pletely different effect (Fig. 2). Thus the patterns 
of Fig. 3 might be taken to demonstrate the 
existence of the predicted quantum shift. Indeed 
they do; nevertheless the tilt of the fringes can 
be attributed to a leakage field, as Pryce has 
pointed out to me, and it is illuminating to con- 
sider this.*° Immediately outside a tapering 
whisker, the leakage field is in fact primarily 
radial and is given by H,,=(d@/dz)/2nr. This 
field exerts a force on the electron and gives it 

a momentum p, =+ $(e/c)d@/dz, the different 
signs applying to paths on either side of the 
whisker. The two beams which converge to 
interfere at o are thus tilted one above and one 
below the plane of Fig. 1, thus skewing the inter- 
ference fringes. There is a progressive change 
in the phase difference between the two beams 

as one moves in the z direction. This is easily 
calculated from p, by de Broglie’s relation, and 
amounts to a phase-difference gradient of 
(e/fic)d/dz. This is precisely the rate of change 
of the “quantum” phase difference eé/fic calcu- 


lated by Aharonov and Bohm. One thus sees 
fairly intuitively how the “quantum” phase dif- 
ference is progressively built up from the free 
end of the whisker, where it is zero, to any 
section where the interference is being observed. 
It remains true, however, that the total dis- 
placement of a given fringe is a direct measure 
not of the leakage field from that section but of 
the flux enclosed within it, and that a displace- 
ment will occur even in a parallel-sided region 
of the whisker where the radial leakage field is 
zero. 

I am indebted to Mr. Aharonov and Dr. Bohm 
for telling me of their work before publication, 
and to them and to Professor Pryce for many 
discussions. 
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ACOUSTICALLY MODULATED y RAYS FROM Fe*”’ 


S. L. Ruby and D. I. Bolef 
Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 
(Received June 13, 1960) 


The relationship between the emission of y rays 
by nuclei bound in a crystal and the creation (or 
destruction) of phonons has been discussed by 
Visscher,' and suggests that a careful study of 
the “off-resonance” line shape in a Mossbauer- 
type experiment may be used to observe the fre- 
quency distribution of lattice vibrations in the 
crystal. Unfortunately, a direct attempt at such 
a study seems difficult since it requires the 
measurement of nuclear y-ray absorption cross 
sections much smaller than the photoelectric 
cross sections for the same atom. In an attempt 


to investigate the interactions between phonons 
and emitting nuclei, therefore, it was decided to 
generate low-energy phonons acoustically, and 
to study their effect on the y-ray spectrum. 
Source and absorber were one- mil thick 321 
stainless steel (18% chromium, 8% nickel) foils. 
The source, into which had been diffused Co, 
could be driven by either or both of two methods: 
(1) a low-frequency (15 cps) drive utilizing a 
loud speaker, and (2) a piezoelectric quartz 
crystal drive mounted on the rear of the source 
foil. The quartz crystal is driven by a radio- 
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frequency oscillator whose frequency and ampli- 
tude are continuously adjustable. The counting 
rate for the 14.4-kev y ray, as a function of loud- 
speaker velocity, is measured by using the out- 
put of a single-channel analyzer to “command” a 
multichannel analyzer to measure the velocity at 
a particular instant. This is accomplished by 
feeding the amplified output of the velocity pickup 
coil (rigidly attached to the source) to the appro- 
priate place in the analog-to-digital converter 
section of the analyzer. 

The experiment was planned on the assumption 
that the density of ultrasonic phonons in a narrow 
frequency band could be markedly increased over 
that corresponding to 300°K, and that this should 
lead to pairs of satellite peaks, symmetrically 
located relative to the main Mdssbauer peak, 
with a spacing in energy units of AE =hq or, in 
velocity units, v, =(c/E,)AE. (q/2n=ultrasonic 
frequency, E,=14.4 kev.) This corresponds to 
the creation or destruction of acoustic phonons 
with the emission of the y ray. A similar dis- 
crete Doppler effect has been observed in optical 
light diffracted by acoustic “gratings.” The opti- 
cal effect is extremely small, of the order of 
10-* A for an optical wavelength of 5460 A and an 
ultrasonic frequency of 10 Mc/sec. The effect 
has been observed for both traveling and station- 
ary sound waves.” A theory of this optical effect 
has been given by Raman and Nagendra Nath.® 

Since the source foil is thin (approximately one- 
tenth the wavelength of sound at 20 Mc/sec), one 
can alternatively consider the quartz transducer 
as simply vibrating the foil with a sinusoidal 
velocity, Us =U», cosgt. This corresponds merely 
to a sinusoidal motion of the center of mass of 
the foil. The “instantaneous” frequency of the 
14.4-kev y ray may therefore be expressed as 


v=V,+ Av singt, (1) 
where 
Vo =E,/h =3.48X10"* cycles/sec, 


and the maximum frequency deviation is Av 
=Vo(¥y,/c). Expressed in the language of fre- 
quency modulation, this corresponds to a carrier 
of frequency v,, modulated sinusoidally at a fre- 
quency qg/2n. The modulation index is m=(v,,/c) 
x(22v,/q). The frequency spectrum can be shown‘ 
to consist of the carrier and an infinite set of 
side-bands, with the mth side frequency sepa- 
rated from the (m+ 1)th side frequency by the 
modulating frequency, g/21. The maximum am- 
plitude of the mth side frequency is given by 


6 


J,,?(m), where J,(m) is the Bessel function of the 
first kind of order n. 

In Fig. 1 the solid lines in curves a-e show the 
result of calculations for five values of m, with 
q/2n=20 Mc/sec. The vertical scale of the draw- 
ing is based on curve a. Also shown in the figure 
are the experimental results, using a 20-Mc/sec 
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FIG. 1. Médssbauer pattern for Fe*’ y ray emitted : 
by a stainless steel source driven by a 20-Mc/sec 
x-cut quartz transducer. The experimental points are 
shown in a -e for values of the driving voltage, V, \ 
from 0 to 2.0 volts rms. The solid curves are cal- 
culated on the basis of FM theory, using a single pro- , 
portionality constant between m and V,., which best 
fits the data. 
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x-cut quartz transducer, taken at five different 
transducer driving voltages. The maximum ve- 
locity of the iron atoms resulting from the ultra- 
sonic vibration has not been measured directly, 
but is expected to be proportional to the driving 
voltage; the proportionality constant has been 
chosen so as to fit the solid curves as well as 
possible to the experimental points. Using 
m=1.1Vymsg, one finds vy = 0.29 cm/sec for 
1.5Vyms across the transducer. This value for 
Um is consistent with the value calculated from the 
piezoelectric properties of the quartz transducer. 
The velocity at 20 Mc/sec corresponds to the 
rather small maximum displacement of approxi- 
mately 2x10-* cm. 

The progressive disagreement between the cal- 
culated and experimental curves with higher 
drive voltage, especially near the carrier fre- 
quency, suggests that all of the iron atoms did 
not have the same velocities. A new source foil 
was then prepared, care being taken to preserve 
flatness of the foil and uniformity of the acoustic 
bond. In Fig. 2, a plot of the amplitude of the 
carrier (unshifted y ray) vs the 20-Mc/sec driv- 
ing voltage is given, together with a plot of 
[1 - 0.24J,2(m)] with m=0.6Vyms- The calcu- 
lated curve assumes that all the Fe®” atoms have 
the same maximum velocity v,,. The pattern 
using the new foil, however, still suggests a con- 
tinuous range of velocities with perhaps 50% of 
the Fe*’ nuclei moving considerably more slowly 
than the remainder. Such an effect could be 
caused by bonding defects, such as air bubbles 
trapped in the cement between foil and quartz. 
Velocity blurring also results from the fact that 
the thickness of the foil is not negligible com- 
pared to the wavelength of the sound waves. 

Since the energy shift of the y ray is deter- 
mined solely by the frequency of the ultrasonic 
drive, this discrete Doppler technique offers a 
precise method for adding or subtracting known 
quantities of energy to the y ray. This may be 
useful in providing a monochromatic calibration 
of energy or velocity in the measurement of line 
splittings (such as Fe®™ in iron) or line shifting 
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FIG. 2. Relative intensity of carrier (unshifted y 
ray) vs voltage on quartz transducer. The solid 
line represents the theoretically predicted function 
[1-0.24J9?(m)], where m=0.6Vymg for this case. 
This prediction assumes that all the Fe®’ atoms have 
the same maximum velocity vy. 


(such as temperature shifts of the Méssbauer 
peak due to zero-point vibration). This method 
for Doppler shifting may also be applicable at 
low temperatures when more conventional drives 
are inconvenient to use. For this purpose, broad- 
banding of the transducer frequency response will 
be desirable. 

We wish to thank Dr. L. Epstein for help in the 
preparation of the source, Mr. John Hicks for 
his careful and ingenious help throughout the ex- 
periment, and Dr. Meir Menes, who first sug- 
gested the FM approach. 
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GIANT FLUCTUATIONS IN A DEGENERATE FERMI GAS* 


Walter Kohn and Stephen J. Nettel 
Department of Physics, University of California, La Jolla, California 
(Received May 26, 1960) 


In two recent notes,’»? Overhauser has sug- 
gested that the ground state of an interacting gas 
of fermions has giant density or spin-density 
fluctuations. On the basis of his considerations, 
he has cast serious doubt on current theories of 
nuclear and metallic structure. We wish to pre- 
sent reasons for our view that even if such fluc- 
tuations occur in one dimension,° there is at 
present no reason to believe that they exist in 
two or three dimensions, provided the inter- 
action is sufficiently weak. 

Overhauser has pointed out the remarkable 
fact that both the Hartree and Hartree-Fock 
equations of a one-dimensional gas have solu- 
tions which give lower energies than the customary 
plane wave solutions. That for strong interactions 
such lower solutions exist had been well known: 
Wigner’s electron crystal lattice* in the low- 
density (or strong-interaction) limit is an ex- 
ample. What makes Overhauser’s conclusions 
so disturbing is that they apply also to systems 
with quite weak interactions, such as nuclear 
matter and metallic electron gases. (In these 
systems, although the interactions contribute 
substantially to the total energy, their effect on 
the dynamics of the particles is generally re- 
garded as fairly small.) In the present paper, 
we put forward arguments for the view that for 
sufficiently weak interactions the Hartree (and 
Hartree-Fock) ground states in two or more 
dimensions are the familiar plane wave states. 

For simplicity, we restrict our considerations 
to the case of Hartree’s equations. Let the inter- 
action between particles be given by 


H'=y Dv; -F ), (1) 


i>j 
where the r; denote the positions of the one- or 
more-dimensional fermions. If we denote the 
density of the gas by n(f), then the Hartree 
potential is 


v(t) =y f v(t -F’)nF)dF’. (2) 


Clearly, only if the density is nonuniform can 
we have a nonconstant Hartree potential and, 
hence, a nontrivial solution of Hartree’s equa- 
tions. For y=0, the ground state is the familiar 
one with n(F)=n,. For a small y, it follows from 


8 





continuity that in the Hartree ground state we 
have® 


(3) 


where we may normalize n’(f) by the condition 


ui fore) par on! 


n(F)=n,+aAn'(F) +--+, 


(4) 


(2 =volume of system), and where 


lima =0. 


5 
on (5) 


Hence, apart from an irrelevant constant, 


V(t) =yaU(F), (6) 


where 


ue)=foe Fn" )d?’. (7) 


Now we shall check the self-consistency. We 
solve the Schrédinger equations, 


2 
B _ + nue] y=86, 


U 1 


(8) 


and from the lowest solutions construct the new 
density, 7(f). If for small values of (ya), 7(T) 
is linear in this parameter, we have 


(9) 


A(F) =n, +yAn'(F)++++. 


Comparison with Eq. (3) shows that this is a 
contradiction unless : =0, which is the trivial 
solution. 

We must then examine the crucial question of 
the above-mentioned linearity. We shall make 
the assumption—to which we come back at the 
end of this paper —that the dependence of 7 on 
(yA) is linear provided that first order perturba- 
tion theory on the unperturbed ground state gives 
a finite result. 

Let us Fourier-analyze U(f), which leads to 
the problem 


2 
LE ae +€ cont F]=By. (10) 
2 i 


To first order in € the normalized solutions are 


™ Ot « pilk+q)-r pik -a)-F 
~ nines 
Pp f § (acy a) 


(11) 
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and the corresponding density change is 





6n(T) = : 1 ai 2 +— | em. 
(20)” k?-(k+q)? k?-(k-q)? 


(12) 
Here v is the dimensionality of the particles, 
the integral over k extends over the unperturbed 
Fermi “sphere” and, if singularities occur in 
the integrand, principal values are to be taken. 
In one dimension, the result is 


¢ +2k_q 


1 
ni ee ES EEE 
6n(x) n 7- ed 


2r) 4@ 








cos(qx), (13) 


where kp is the Fermi momentum. The coef- 
ficient of € is finite except at g=2k,. We con- 
clude that nontrivial self-consistent solutions 
can exist only for g-2kp. (These are in fact 
just Overhauser’s density fluctuations.) 

On the other hand, in two dimensions Eq. (12) 
gives 


6n(F) = (€/4n?)F(q) cos(q-T), (14) 
where 
F(q)=-1, q< 2k, 
= -n{1 -[1-(2k,,/q)?}"}, 9>2k,. (15) 


Here the coefficient of € remains finite even for 
q=2k,. The same is true in three dimensions. 

We now come back to the basic assumption 
stated in the paragraph following Eq. (9). This 
has not been generally proved and remains the 
weak point in our considerations. However, it 
has been verified in the following exactly soluble 
cases: 

1. One dimension, U=cosqx. Here the exact 
nm is, to leading order, linear in (yA) except for 
q=2kp, where the exact 5% ~(yA) In(yA). 

2. Two dimensions, U=c, cosg,x +c, Cosq.y. 
Here the exact 6” (calculated with a distorted 
Fermi surface) is linear in (yd) for all 4,, q,. 


If g, or g,=2kp, the Fermi surface has a flat 
portion of length ~ (yA)? which contributes a 
nonanalytic term of the form (yA) In(yaA); this 
is, however, negligible compared to the first 
order term. 

We have also studied approximately the poly- 
gonal Fermi surfaces suggested by Overhauser. 
As (yA) ~0, the number of sides must rapidly 
approach © if the energy is to be lower than in 
the trivial solution. However, because the 
dimension of the individual sides then approaches 
zero with (yA), self-consistency again appears 
to be impossible. 

Thus we conclude that for weak interactions 
the Hartree equations have a nontrivial ground 
state only in one dimension. Although we have 
not yet demonstrated it in detail, there is little 
doubt that the same is true of the Hartree-Fock 
equation. 

We suggest that the quantitative successes of 
current theories of nuclear and metallic struc- 
ture imply that in general the interactions are 
sufficiently weak so that the usual Hartree-Fock 
functions represent the correct lowest order 
approximation. 

It is a pleasure to thank Dr. K. Sawada for 
stimulating conversations. 
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Supported in part by the Office of Naval Research. 

1A, W. Overhauser, Phys. Rev. Letters 4, 415 
(1960). 

2A, W. Overhauser, Phys. Rev. Letters 4, 466 
(1960). 

3Even this is still in question, since in Overhauser’s 
work on one-dimensional fermions correlation effects 
are not included. 

‘Er, P. Wigner, Trans. Faraday Soc. 34, 678 (1938). 

‘In our situation of an extensive system ”’(f) may 
have to be considered as a function of A; e. g., ”’(f) 
=a cos[4(A)*f]. This dependence on A is of no essential 
consequence and will not be explicitly indicated. A 
fuller discussion of this point will be given in a forth- 
coming paper. 
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DIRECT MEASUREMENT OF THE ELECTRON DENSITY AT THE NUCLEUS 
IN METALLIC LITHIUM AT LIQUID HELIUM TEMPERATURE 


Ch. Ryter 
Centre d’Etudes Nucléaires de Saclay, Gif sur Yvette, Seine et Oise, France 
(Received May 19, 1960) 


When the electron spin resonance in a metal 
is partially saturated, the nuclear polarization 
is greatly increased, and the electron spin 
resonance (ESR) line is shifted.’»? The shift is 
related to the nuclear magnetization by 


H =(81/3)\¥,,(0)*y, RI,), (1) 


with 
h 
Y,Ho y. # 


e 
3kT % a+P’ (2) 





(1,) = I(I+1) 


where y, and y, are the electron and nuclear 
gyromagnetic ratios, P is the saturating micro- 
wave power, and a is a constant depending on 
the sample and the apparatus; for a given power, 
the saturation parameter S=P/(a@+P) may have 
different values for different metal grains in the 
sample. 

The (1/T) variation of (J,) in Eq. (2) is cor- 
rect within 1.5% in our experimental conditions. 
However, natural lithium being a mixture of 
Li’ (=3/2) and Li® (J=1), suitable averages 
over the two isotopes must be used. 

The experiment was performed at a frequency 
of 9340 Mc/sec and from 4.2 to 1.5°K, with 
microwave power levels up to 30 mw. 

The samples were single crystals of lithium 
fluoride irradiated by thermal neutrons to 
7x10"* nvt, thus containing a few percent of 
lithium atoms coagulated in metallic particles 
as has been shown by x rays® and by electron 
spin resonance.* When these crystals are heated 
up to 700°C, the Li particles build up into grains 
of such a size that a sharp temperature of fusion 
equal to that of the bulk metal can be observed.°® 

If this heat treatment is performed in high 
vacuum on well outgassed crystals, the metal 
particles exhibit an intense ESR line less than 
100 milligauss wide. At room temperature the 
line is symmetrical, but at 4.2°K it has the 
typical shape predicted by Dyson® for particles 
larger than the skin depth, thus suggesting 
particle sizes of the order of one micron. 

The long nuclear relaxation time made it pos- 
sible to perform separately the production and 
the observation of the ESR shift caused by en- 


10 


hanced nuclear polarization, in the following 
manner: 

Starting from above the resonance value H yf 
the magnetic field was first swept slowly through 
the line, pushing it along down to a preselected 
value H* -A. 

In the course of this process, ESR lines due 
to metal grains for which H,, as given by (1) is 
smaller than A “snap” back to the undisplaced 
position, providing a convenient marker of the 
origin of the shift. At the end of the polarization 
process, both lines are displayed on the scope 
for a time too short to affect the nuclear polari- 
zation, by sweeping the field rapidly from a 
value smaller than H* - A to a value larger than 
H™ and back. By repeating this one-shot dis- 
play at regular intervals, the return of the 
shifted line towards its equilibrium position 
could be observed and was found to be exponen- 
tial, with a time constant of 9.8 sec at 4.2°K, 
in agreement with the relation TT, =44+2 sec °K,’ 
where 7, is the nuclear relaxation time (Fig. 1). 

Below 4.2°K the heat conduction in the bulk 
LiF becomes poor and the temperature of the 
metal grains may rise above that of the helium 





FIG. 1. Exponential decay of the enhanced nuclear 
polarization in Li metal at 4.2°K, carrying the shifted 
ESR line back to its equilibrium position. Over-all 
length of the trace, 8.7 gauss; duration of the sweep, 
0.02 sec; repetition time, 2 sec. 
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FIG. 2. The shifted ESR line (on the right) and the 
unshifted one at constant power but for various values 
of A. The apparent displacement of the unshifted line 
towards the left is immaterial, and only due to the 
sweep arrangement. 


bath for large microwave powers. The measured 
relaxation times are then used to determine the 
temperature of the metallic particles at each 
run. 

For a given microwave power the amplitude 
of the shifted line decreases when A is increased 
(Fig. 2). The value H,(P) for which it vanishes 
gives the value of H, for the most saturable 
grains of the sample. 

The plot of 1/H,(P)T against 1/P should be, 
according to (1), a straight line, in agreement 
with experiment (Fig. 3). 

The intercept of this line with the axis of 
ordinates yields a value (4,7) max = (33.54 1) 
gauss degree which is related to the electronic 
density by 

(4,7) wax 7 8"/SKop YY, WH ll +1)B. (3) 
In (3), y, is the gyromagnetic ratio of Li’ and 
8 =0.942 is a correction for the small isotopic 
admixture of Li®. From the measured value of 
(H,T) and the known hyperfine structure con- 
stant of atomic Li’,® we extract the value 


g= (dp) /1v, (0) |? =0.442 + 0.015, 


which compares favorably with the theoretical 


1/P IN ARBITRARY UNITS 


FIG. 3. Plot of 1/Hy,T against 1/P at different tem- 
peratures ranging from 1.5 to 4.2°K and various satur- 
ation power levels. The straight line is fitted by the 
least-squares method. 


value® £;), = 0.494 0.05 and with the value £ K 
=0.45+ 0.03 that can be extracted from the 
measurement of Schumacher and Slichter.’° 

We are greatly indebted to Professor A. 
Abragam for his constant interest and guidance 
in this work, to Professor Guinier and his co- 
workers for valuable discussions about the 
preparation of the samples, and to Mr. Ch. 
Maziéres for testing the presence of Li metal 
by fusion in some of our samples. 
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POWER- INDUCED SHIFTS OF CYCLOTRON RESONANCES IN THE 
VALENCE BAND OF GERMANIUM 


B. Levinger and D. R. Frankl 
General Telephone and Electronics Laboratories, Inc., Bayside, New York 
(Received June 2, 1960) 


Cyclotron resonance absorption measurements 
have been made on germanium samples at 4.2 
and 1.4°K over a range of microwave power levels 
at 24 kMc/sec. It was found that the light-hole 
absorption and, in some orientations, the heavy- 
hole absorption shifted to slightly higher mag- 
netic field strengths with increasing power. 

The measurements were made on rod-shaped 
samples, cut in [100] and [110] orientations from 
a high-purity crystal. The rods, about 0.4 mm 
in diameter, extended into a rectangular TE, , 
cavity at the position of maximum electric field 
strength, and could be rotated. The microwave 
circuit was similar to that of Dexter, Zeiger, 
and Lax,’ except that the frequency was stabi- 
lized to an external cavity. Carrier concentra- 
tions, estimated from dc photoconductivity, 
ranged from about 3 x10® to about 10° cm™$ at 
4.2°K, and about 10° to 3x 10° cm™$ at 1.4°K over 
the usable range of exciting light intensities. 

The usable microwave electric field amplitude 

at the sample, estimated from the power output 
of the klystron and the Q of the cavity, ranged 
from about 60 to less than 1 volt/cm. This range 
was limited at the upper end by overlapping of 
neighboring resonance lines and by power insta- 
bility of the klystron, and at the lower end by the 
sensitivity of the spectrometer. 

Figure 1 shows the results of a series of runs 
on the light-hole resonance with a [110] rod- 
shaped sample. The fractional change in the 
peak position and the wt value determined from 
the linewidth are plotted vs the attenuation. The 
line shift and broadening are, within experimen- 
tal error, independent of the orientation, and the 
shift is in the direction of larger effective mass, 
as predicted by Kane.? The maximum shift of 
about 4% corresponds, according to Kane’s 
graphs of effective mass vs energy, to a light- 
hole temperature of the order of 100°K. If pure 
lattice scattering prevails, the theory of Con- 
well’ predicts that 7 should then be reduced be- 
low its equilibrium value by a factor of about 10 
at 4.2°K and about 60 at 1.4°K. The 4.2-degree 
data are in fair agreement, but the observed re- 
duction factor at 1.4°K is smaller than predicted. 
This, and also the fact that the low-power w7 
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values do not go as T~**, suggests that there is 
some neutral or ionized impurity scattering, 
particularly at the lower temperature. However, 
the fact that the equilibrium values of wt may 
not have been reached even at the lowest power 
levels makes this conclusion somewhat tenuous. 

For certain orientations, similar shifts to 
higher effective mass values were observed in 
the heavy-hole resonance. This is unexpected on 
the basis of Kane’s calculation,” which predicts 
essentially constant heavy-hole effective masses 
for all three principal orientations in the energy 
range accessible here. 

The shifts were present for magnetic field 
orientations near [100] and absent for orienta- 
tions around [111]. In orientations near [110] an 
electron resonance interferes with the observa- 
tion. The direction of the shift, when present, 
cannot be explained by line broadening, by over- 
lapping of neighboring electron resonances, or 
by plasma effects,* since these would all tend to 
shift the peak toward lower effective mass values. 





4.2°K ‘ L.4eK 























50 40 30. 20. 10 0 2s 2 fhe 
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FIG. 1. Cyclotron resonance of light holes in ger- 
manium at 4.2 and 1.4°K as function of relative micro- 
wave power (increasing to the right). Upper curves, 
fractional shift in peak position (Am*/m*). Lower 
curves, wT measured from linewidth. Orientations 
of magnetic field in (110) plane in degrees from [100] 
direction: circles 0°, triangles 30°, crosses 60°, 
plusses 90°. 
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Various mechanisms involving carriers of high 
Ry have been considered but appear unlikely be- 
cause they would tend to produce opposite shifts 
in the [100] and [111] orientations.* It seems 
most likely that the heavy-hole shifts are related 
to the “quantum effects” in this resonance, and 
this conjecture is presently under investigation. 

As a final remark, it should be mentioned that 
no shifts were observed in the electron reso- 
nances. 

Thanks are due to E. M. Conwell for the sug- 
gestion of the problem and for helpful discussions, 
to J. Kugler for able assistance in the experimen- 
tation, and to K. Arnold and Miss M. Tilton for 


the germanium crystal. G. Weibel, R. Harrison, 
H. Malamud, and C. Fallier gave much assist- 
ance in the design and construction of the appa- 
ratus. 
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THEORY OF MAGNETIC RESONANCE IN aFe,0,! 


P. Pincus 
Department of Physics, University of California, Berkeley, California 
(Received May 26, 1960) 


For many years, the problem of the magnetic 
properties of hematite (aFe,O0,) have gone un- 
explained. Recently, however, Dzyaloshinsky’ 
has shown that the weak ferromagnetism ex- 
hibited by aFe,O, above the transition discovered 
by Morin? at -14°C could be explained by an ani- 
sotropic exchange interaction of the form 
DS, xS,. In a two-sublattice model of anti- 
ferromagnetism, such an interlattice interaction 
will cant the sublattices toward one another and 
hence create a weak magnetic moment of the 
order of (D’/J)M, where J>0 is the antiferro- 
magnetic exchange integral, and M is the static 
sublattice magnetization. Subsequently Moriya* 
has derived just such an exchange term from 
first principles and has shown the constant 
vector D’ to be of first order in spin-orbit coup- 
ling. However, the magnetic resonance experi- 
ments performed by Anderson et al.* and Kumagai 
et al.° have remained unexplained. Here, we 
should like to show how the Dzyaloshinsky-Moriya 
interaction can explain these microwave results. 

aFe,O, is a rhombohedral crystal with the 
[111] direction coinciding with the ternary axis. 
The (111) planes form alternating layers of O-~ 
and Fe** ions with alternating Fe** planes mag- 
netized oppositely. The susceptibility and torque 
measurements of Smith,® Néel and Pauthenet,’ 
and Lin® indicate that above the Morin transition 


the [111] axis is a hard direction of magnetiza- 
tion and that there is very little anisotropy in 
the basal plane. These results have been sub- 
stantiated by the neutron diffraction work of 
Shull et al.° 

We shall now derive the magnetic resonance 
frequencies in the molecular field approximation 
for a two-sublattice antiferromagnet with a 
Dzyaloshinsky-Moriya interaction, where D is 
directed along the ternary axis. We shall also 
assume a fairly strong uniaxial anisotropy tend- 
ing to make the [111] axis a hard direction. 
Both Turov and Borovik-Romanov"® have derived 
the spin-wave dispersion law, including k =0, 
for such an antiferromagnet, but they have neg- 
lected the small but extremely important ani- 
sotropy in the (111) plane. As we shall see, it 
will be necessary to include such an anisotropy 
term in order to explain the resonance experi- 


“.ments. For the sake of simplicity, we shall 


ignore the fact that there exist really three 
equivalent two-fold axes in the (111) plane. Also, 
to make the equations easier to write down, we 
shall assume that the external field H, lies in 
the basal plane at right angles to the easy direc- 
tion of magnetization. In Fig. 1 we indicate our 
coordinate system and the equilibrium positions 
of the sublattice magnetizations. 

Under the assumption of these interactions, 
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FIG. 1. Equilibrium positions of A and PB sublattice 
magnetizations, making an angle ¢ with easy direction 
in (111) plane. The net moment Mr is directed along 
the ¥ axis. 


the equations of motion for the A and B sublattices 
may be written in the following form: 


dM , /dt=-\M, xM,+7M, XH, -M, x(DxM,) 
Za — ‘ yo i 
+KM, kXM, +K M, jxM,, 


aM ,,/at AM, XM, +yM, H)+M, (D M,) 
Zs = . y - = 

+KM, kxM, -K Mp jXxMp» (1) 
where A>0 is the Weiss molecular field con- 
stant for the antiferromagnetic interaction, 
K>0O is the anisotropy constant giving rise to 
the hard direction, and K’ gives the small in- 
plane anisotropy. Upon setting the torques equal 
to zero, we can determine the equilibrium posi- 
tions of the sublattice magnetizations which are 
found to be given by 

>= , 

9 = (Hy +H, )/2H, +H 4") (2) 
where we have taken H, =AM>H,+Hpy=H,+DM, 
and H,’=K’'M. In the absence of any external 
field, the net magnetic moment M F is then given 
by 


M,,=2My=M(D/a), (3) 


as previously stated. From Pauthenet’s and 
Lin’s experiments, we can estimate D/A =Mp/M 
=3x10™°. Thus, for an exchange field H, = 5x10® 
oe, Hpy=1.5x10 oe. 

Now, we work in two new coordinate systems 
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defined by the equilibrium positions of the A and 
B sublattice magnetizations. We linearize (1), 
assuming small deviations from the equilibrium 
positions, and determine the eigenfrequencies 
for the normal modes. 


2 , 
(w,/y) =H (Hy +H 4) +244, A (4a) 
(wo /y? = Hy 49 tA yy +28 Fg: (4b) 


We must recall when considering these equations 
that H,4 may be quite large (=10* oe) while Hy’ 
is rather small (~1 oe). The mode (4a) roughly 
corresponds to an oscillation of the weak moment 
Mp about its equilibrium position in the basal 
plane, while mode (4b) is just the usual anti- 
ferromagnetic resonance. We believe that the 
magnetic resonance experiments of Anderson 
and Kumagai have observed the low-frequency 
modes (4a). 

The resonant frequency for the high-frequency 
mode can be determined only if we have an esti- 
mate of H,. Tachiki and Nagamiya™ have cal- 
culated the dipole contribution to the energy and 
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FIG. 2. Comparison of microwave resonance results 


for w/y vs Hy with calculation using Eq. (4a) with Hp 
=1.3%10' oe, 2H,H,’=1.7% 10" (oe)*, and g=2. 
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found it to be 1.15 cos’@ cm™, which would give 
an anisotropy field of about 9 x10* oersteds. 
This would correspond to a resonant frequency 
in the 10°-kMc/sec range for the mode (4b). If 
we allow H, to vary with polar angle 6 from the 
[111] axis, (4a) becomes 


2 > , 
(w,/y) H sind(H, sind +H, ,,)+2H_H , (5) 


0 
which is the angular dependence observed by 
Anderson and Kumagai. Kumagai has found the 
resonance field to vary linearly with frequency. 
In Fig. 2 we plot w vs H, for g=2, Hpjy=1.3 x10 
oe, and 2H,H,’=1.7x 10" (oe)’. We see that the 
resonance experiments in aFe,O, can be rather 
simply explained in terms of the Dzyaloshinsky- 
Moriya interaction. 

The author would like to express his apprecia- 
tion to Professor C. Kittel for suggesting this 
problem and for several valuable discussions 
concerning its solution. Thanks are also due 
Professor A. Portis, Professor F. Keffer, and 


Professor T. Nagamiya for their helpful dis- 
cussions. 
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OBSERVATION OF A SHORT-LIVED COSMIC -RAY SOLAR FLARE INCREASE 
WITH A HIGH-COUNTING-RATE MESON DETECTOR* 


R. A. R. Palmeirat and K. G. McCracken? 
Physics Department and Laboratory for Nuclear Science, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 
(Received June 6, 1960) 


We report here observations of a very abrupt 
and short-lived cosmic-ray increase which was 
observed at M.I.T. (geographic coordinates 
41°23’N, 71°08’W, sea level) on May 4, 1960. 
These data were obtained from three large 
meson telescopes, of total sensitive area 10 m’*, 
and total counting rate ~900 counts sec™’. The 
telescopes have been described elsewhere,’ and 
it suffices to state that there are now 7.5 cm of 
lead between thé scintillators. The minimum 
it-meson momentum accepted by the telescope 
is now approximately 202 Mev/c. 

The data from the telescopes are recorded as 
follows. (1) The counting rate from each tele- 
scope is accumulated over intervals of six min- 
utes, and punched on tape in the form of binary 
numbers. (2) A printing register records the 
hourly totals from each telescope as decimal 
numbers. (3) The outputs from the three tele- 
scopes are combined, accumulated over inter - 
vals of 30 seconds, and the accumulated count 
registered on a chart recorder. 


Figure 1 displays the 30-second counting rate 
data obtained between 1010 and 1110 U.T. on 
May 4, 1960. The total number of counts re- 
corded in each 30-second interval is plotted as 
a percentage relative to the mean counting rate 
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FIG. 1. The 30-second meson data observed at 
M.I.T. subsequent to the production of cosmic rays 
by the sun on May 4, 1960. 
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for the period 1010 to 1030. The standard devia- 
tion which is appropriate to any 30-second meas- 
urement is shown. To check the reliability of 
the data shown in the figure, we have examined 
the 6-minute and hourly counting rate data, 
finding that there is no significant difference 
between the variations observed by the three 
telescopes. 

Comparison with WWV revealed that our time 
standard was lagging 8 seconds behind Universal 
Time: for example, the count total plotted be- 
tween 1015 and 1015+30 seconds, was obtained 
between 10:15:08 U.T. and 10:15:38 U.T. No 
corrections have been made for changes of 
barometric pressure, as it remained constant 
over this hour to within 0.005 inch of mercury. 

It is seen from the figure that the counting rate 
measurements remained at the pre-event value 
until 10:31:08. The next measurement, that is, 
the one obtained between 10:31:08 and 10:31:38, 
was 4 standard deviations above this value, and 
we therefore estimate that the first arrival of 
solar cosmic rays of energies ~6 Bev at M.I.T. 
occurred no later than 10:31:38 and, probably, 
not before about 10:30:53. The maximum count- 
ing rate (6% above the pre-event value) was 
attained about 10:35 U.T., and after remaining 
at this value for about 5 minutes, the counting 
rate rapidly returned to the pre-event value, 
our data showing no significant continuation of 
the solar flare effect after 10:55 U.T. 

According to a preliminary report issued by 
the High Altitude Observatory at Boulder, 
Colorado,’ a flare of importance 2 was observed 
at 10:20 U.T. in an active region on the western 
solar limb. As no other solar flares were re- 
ported to have occurred at this time, we con- 
clude that the cosmic radiation was generated 
in this flare. 

The most outstanding feature of the cosmic- 
ray effect reported in this communication is the 
very short time scale—the rising intensity and 
decaying intensity phases being much shorter 
than those observed during any previous case 





of this type event. A study of the temporal de- 
pendence of all recorded cases of the cosmic- 
ray flare effect has been completed recently, 
and a model of the magnetic configurations in 
the sun-earth region has been constructed. 
These results will be published elsewhere in the 
near future. It suffices to say here that, on the 
basis of the model applicable on May 4, the short 
time scale would be explained in terms of the 
earth being within an essentially radial field 
which was rooted in the active region on the sun. 
The very short time scale suggests that there 
would be relatively few irregularities in this 
field and, consequently, the radiation arriving 
at the earth would be largely collimated along 
the lines of the field. This predicts that during 
the May 4 event (1) impact zones were very pro- 
nounced, (2) there was little time dispersion 
between the high- and low-energy particles, and 
(3) the effect observed by stations outside the 
impact zones was relatively small. It is highly 
desirable that data with good time resolution 
from many parts of the world be compared to 
determine whether these predictions were ful- 
filled. 

The meson telescopes, with their fine-detail 
timing circuits, were designed by Professor 
R. W. Williams and Mr. R. D’Arcy for the specific 
purpose of studying cosmic-ray flare increases in 
detail. 
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STAR PRODUCTION BY TRAPPED PROTONS IN THE INNER RADIATION BELT 


Herman Yagoda 
Geophysics Research Directorate, Air Research and Development Command, 
L. G. Hanscom Field, Bedford, Massachusetts 
(Received May 23, 1960) 


On July 21, 1959 an Atlas rocket fired from 
Cape Canaveral, Florida carried an 1800-gram 
block of Ilford G5 emulsion to a peak elevation of 
1176 km. The unit, measuring 10x10 cm in area 
and assembled from thirty sheets of 1600-micron 
thick pellicles, was recovered in good condition 
and developed so that singly charged particles at 
the minimum of ionization recorded tracks with 
a grain density of 16+2 per 100 microns. While 
in general heavily shielded by surrounding in- 
strumentation in the re-entry nose cone, one 
face of the block adjacent to the side wall hada 
reduced absorber mass of only 1.65 gcm~? in 
front of it. This window allows the entry and de- 
tection of protons with kinetic energies in excess 
of 40 Mev. Ina preliminary study of the differ- 
ential energy distribution of the protons which 
entered through the thin window and stopped by 
ionization in the detector, an appreciable flux of 
protons with kinetic energies of 43+ 2 Mev was 
noted with a magnitude 0.62+ 0.17 that of the flux 
at 76+ 1.5 Mev, suggesting the possible existence 
of a maximum in the energy distribution between 
80 and 60 Mev. 

In the course of these studies it was noted that 
a large total star population was recorded (1478 
+55 cc~*) greatly in excess over that anticipated 
by a brief exposure to cosmic radiation along an 
essentially equatorial trajectory (21+ 5 cc™*), or 
that exhibited by ground control plates of the 
identical manufacture (84410 cc™*). The total 
prong count distribution of these stars, Np, is 
compared in Fig. 1 with star spectra observed 
at balloon elevations by Lord’ at geomagnetic 
latitude 54°N and 28°N and with a similar study? 
made on Viking rocket trajectories launched at 
41°N which reached peak elevations of 217 km, 
well below the Van Allen belts. The total star 
production rate was computed on the assumption 
that the interactions accumulated uniformly dur- 
ing a total period of 28 minutes, while the Atlas 
was above the sensible atmosphere which cor- 
responds to a frequency of 71 700 stars cc™* day~* 
with N, 23. The Atlas star spectrum differs from 
the early balloon and rocket observations by a 
factor of about 100 in intensity and the slope of 
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FIG. 1. Frequency of star production as a function 
of total number of star prongs, Np: 


the N», distribution indicates a large predominance 
of small stars (98.5% of Np, <8). 

When examined at high magnification a large 
fraction of the small stars exhibit the track of a 
fast particle with an ionization < 4x minimum. 

An independent tally made with a Koristka 55x 
oil immersion objective shows that 0.78+ 0.10 of 
the stars with N», <8 are associated with a thin 
track which can be interpreted as that of the in- 
cident trapped proton. The black and gray prong 
distribution n, of this select category of stars is 
shown in Fig. 2 and is compared with the results 
of similar studies by Lees* made by bombarding 
emulsions with 130-Mev protons and one by Lock, 
March, and McKeague* using a proton beam of 
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FIG. 2. Comparison of relative frequencies of stars 
initiated by trapped protons on Atlas flight with star 
spectra produced by protons accelerated to known 
energies. 














950 Mev. This comparison suggests that the 
bulk of the small stars recorded during the Atlas 
flight were initiated by protons with kinetic en- 
ergies well below 1 Bev. 

On the same Atlas flight a pod of Geiger count- 
ers, instrumented by Holly,® telemetered count- 
ing rates under different thicknesses of absorber 
as a function of time and altitude. These data indi- 
cate that 90% of the total counts were observed 
during a 400-sec period when the vehicle was at 
altitudes between 1120 and 960 km and the geo- 
magnetic latitude varied between 22°N and 14°N. 
Assuming that the small stars were recorded 
during the 400-sec period in the inner Van Allen 
belt, then after application of background and 
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cosmic-ray star corrections, the rate of star 
production by trapped radiation, at an average 
altitude of 1100+ 60 km, is 297000+ 15000 cc“ 
day~*. In this estimate 78% of the stars are di- 
rectly attributable to a proton primary; the re- 
sidual 22% probably were formed by neutrons 
originating from interactions of the more ener- 
getic trapped protons with the massive re-entry 
nose cone. 

The star intensity is clearly related to the flux 
of trapped high-energy protons and provides a 
simple parameter for comparing rocket and re- 
coverable satellite exposures probing into the 
Van Allen belts. The grain density of the lightest 
track associated with a p-star is a measure of 
the kinetic energy of the assumed incident pro- 
ton. Measurements on 107 p-stars, when com- 
pared with the trapped proton energy spectrum 
N =21007~'-™ deduced by Freden and White,® 
are in good agreement at energies > 350 Mev 
when the two sets of data are normalized at 175 
Mev. However, at energies below 175 Mev a 
large discrepancy exists which may originate 
partly from ionization loss by particles traver- 
sing large absorber paths in the nose cone. Also, 
at low energies many of the interactions would 
yield one-pronged stars which were not tallied 
in the present study. These observations are 
being continued, selecting p-stars whose incident 
charged particles entered through the thin win- 
dow. 

Appreciation is expressed to K. Fukui for as- 
sistance in the development of the emulsion 
block. The measurements were made by Mrs. 
M. A. Lanza, Miss Mary Higgins, and Mrs. 
Dorothy Nastasi. We are grateful to Charles Dubs 
for a discussion of geometric factors. 
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MASS ANALYSIS OF THE SECONDARY PARTICLES PRODUCED 
BY THE 25-GEV PROTON BEAM OF THE CERN PROTON SYNCHROTRON 


V. T. Cocconi, ° 9. Fazzini, G. Fidecaro, M. Legros, TN. H. Lipman, and A. W. Merrison 
CERN, Geneva, Switzerland 
(Received June 1, 1960) 


We present here some results of a mass anal- 
ysis of the secondary particles produced at 15.9° 
to the circulating beam in an aluminum target 
bombarded by 25-Gev protons in the CERN proton 
synchrotron. 

The apparatus (Fig. 1) essentially was a mass 
spectrometer where the momentum of a particle 
was determined in the magnet M and its velocity 
was measured by timing the particle between 
counters 1 and 3. The distance between 1 and 3 
was 27 m, which corresponds to a time of flight 
of 90 nanoseconds for light. Counter 3 was at 
61 m from the target and subtended at the target 
a solid angle of 1.61 x10~® steradian. A time 
sorter,’ preceded by zero-crossing circuits and 
gated by the coincidence 123, was used to display 
the time difference between the pulses in counters 
1 and 3, with the pulses in 1 suitably delayed. 

The total time range displayed in the 100 channels 
of the time sorter was ~15 nsec. 

Typical spectra for positive and negative par- 
ticles are shown in Fig. 2. The pion peak (which 
in fact contains a small contamination of muons 
and electrons) indicates that the time resolution 
of the apparatus is about 0.9 nsec. The greater 
width of the proton peak is caused by the spread 
in flight times due to the finite momentum band 
(Ap/p ~3%) accepted by the magnet. 

The results obtained for negative particles 
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FIG. 1. Layout of the apparatus and simplified 
block diagram of the circuits. 


(K~,p) and for positive particles (K*,p,d), shown 
as percentages of the pion intensity, are given 
in Figs. 3(a) and 3(b) as a function of momentum. 
The momentum spectra of the positive and neg- 
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FIG. 2. Typical delay spectra. 
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(a) Positive PARTICLES 
emitted at 6,,= 15.9° 
and measured at 61m 
from the target 
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(c) RATIO DEUTERONS/ PROTONS 


as a function of momentum 
for particles emitted at 6,7 15.9° 
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(b) 


NEGATIVE PARTICLES 
emitted at 6, = 15,9° 
and measured at 61m from the target 


FIG. 3. Intensity of the dif- 
ferent particles emitted at 15.9° 
and observed at 61 meters from 
the target. (a) Intensity of deu- 
terons, protons, and mesons 
relative to that of + mesons. 
Deuteron intensity has been 
measured both with an Al and 
with a Pt target. (b) Intensity 
of antiprotons and of K” mesons 
relative to that of 7 mesons. 
(c) Intensity of deuterons rela- 
tive to that of protons for the Al 
and the Pt targets. The indi- 
cated errors are statistical. 
The intensity of the various par- 
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ticles relative to pions at the 
target can be deduced from the 
figures by correcting for pion 
decay over the 61-m path. This 
effect reduces the ratios by a 
factor that varies from 1.8 for 
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ative pions are shown in Fig. 4, in arbitrary 
units. With ~3x10'° protons/pulse in the cir- 
culating beam, the flux of negative pions of 2 
Gev/c recorded by our apparatus was ~45 counts/ 
pulse. The target efficiency is not well known, 
but it is thought to be of the order of 50%.” Fig- 
ure 5 is a plot of the time of flight versus mo- 
mentum for the observed peaks, together with 
the curves calculated for pion, K-meson, proton, 
and deuteron masses. It can be seen that all the 
experimental points fall on the calculated curves. 

A number of comments can be made on these 
results. 

(a) K mesons. The intensity of K* mesons could 
be determined at p=2.08 Gev/c. Above this value 
the resolution of our apparatus does not allow a 
reliable separation of the K-meson peak from the 
pion peak. Positive K mesons seem about twice 
more abundant than the negative ones at 2 Gev/c. 
Correcting for K-meson and pion decay over the 
61-m path from the target to counter 3, one de- 
duces that at the target K+/7+~25%, for the mo- 
mentum indicated. 

(b) Antiprotons. The ratio of the antiprotons to 
negative pions emerging from the 4-mg/cm? Al 
target at 15.9° is 0.3% at 2 Gev/c and 1.1% at 
4.7 Gev/c, as can be deduced from Fig. 3(b) by 
correcting for the pion decay over the 61-m path. 

By comparing the position of the proton and 
antiproton peaks at 2.08 Gev/c we could compare 
the time of flight of these particles and hence 
their masses. Systematic errors in the timing 
were looked for by comparing the positions of 
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the positive and negative pion peaks, observed 


in the same runs. The drift over several hours 


was ~0.02 nsec. Our preliminary result is 


Mass )/Mass p = 1.008+ 0.005. 


The quoted error is largely the statistical error 
in the position of the p peak. The error in setting 
the magnetic field was 1 part in 500. 
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FIG. 4. Momentum spectrum of the pions (slightly 
contaminated with muons and electrons) emitted at 
15.9° from the Al target, and detected at 61 m from 
it. The spectra at the target can be deduced by cor- 
recting for pion decay over the 61-m path. 
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FIG. 5. Time of flight versus momentum for the 
various particles. The curves are the delays relative 
to light for a flight path of 27 m, calculated for pions, 
K mesons, protons, and deuterons. The experimental 
points are the average values of the measured delays. 
The statistical errors are not indicated, as they are 
smaller than the size of the circles. 


(c) Deuterons. Our results indicate that in 25- 
Gev proton-nucleus collisions a large number of 
deuterons are produced with high momenta and 
at large angles. We have observed deuterons 
with transverse momenta up to 1.7 Gev/c. 

The assignment of the observed peak to deu- 
terons is justified on the following grounds: 

(i) The experimental times of flight determined 
from the “deuteron” peaks correspond to a mass 
that agrees with the deuteron mass to about 1% 
over the whole momentum range explored. 

(ii) The possibility that the observed peak is 
caused by a particles of twice the momentum 
was ruled out by a pulse-height analysis that 
showed that the particles were indeed singly 
charged. No a particle was observed while 
counting 480 deuterons at 3.30 Gev/c. 

In an attempt to understand the deuteron pro- 
duction further, we have recorded data also 
using a platinum target [Figs. 3(a) and 3(c) ]. 
Work with a beryllium target is in progress. 
The deuterons observed with the Pt target at 
p=5.2 Gev/c are about 10% of the pions and 3% 
of the protons of the same momentum. 

The ratio of deuterons to protons is practically 
independent of momentum both for the Al and the 


Pt target, and is higher in Pt than in Al bya 
factor ~1.6 [see Fig. 3(c) ]. 

The only information previous to this work on 
deuteron production in high-energy collisions 
came from emulsion work on cosmic-ray jets.*® 
There it was found that a considerable fraction 
of the particles producing “gray tracks” are 
deuterons (about 30% up to an energy of 50 Mev, 
~15% at 800 Mev integrating over all emission 
angles and all primary energies in the collision). 
The jet deuteron had been interpreted as a tail 
of the evaporation process. 

As far as we know, this is the first time that 
deuterons have been observed in high-energy 
collisions at energy above 800 Mev and with high 
transverse momentum. It is felt that the fact 
deserves further systematic investigation. 

It seems improbable that the deuterons ob- 
served in our experiment can be accounted for 
by evaporation processes, as well as by “direct” 
or “indirect” pickup processes. On the other 
hand, the comparison between Al and Pt supports 
the idea that the process is at least favored by 
nuclear matter. 

With the present sensitivity of the apparatus 
no evidence for antideuterons could be obtained. 

(d) Other long-lived particles. At present, we 
have no evidence in our data for the existence of 
particles with mass between that of the K meson 
and proton, or of the proton and deuteron. Our 
detection limit comes from the background, 
which is about 0.1% of the pion intensity and due 
mostly to random coincidences. 

This work is part of a program of survey and 
study of the properties of the secondary beams 
of the 25-Gev proton synchrotron, undertaken 
by several groups at CERN. 

We want to express our appreciation and grat- 
itude to the proton-synchrotron machine group 
for the efficient operation of the accelerator and 
for their close cooperation with our group. 

We acknowledge the contribution of our tech- 
nicians, Mr. M. Fell and Mr. M. Renevey, who 
skillfully built most of the apparatus. 
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Perkins, The Study of Elementary Particles by the 
Photographic Method (Pergamon Press, New York, 
1959), p. 440. 
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PRECISE MEASUREMENTS OF THE MEAN LIVES OF »”* AND »~ MESONS IN CARBON’! 


R. A. Reiter, T. A. Romanowski, R. B. Sutton, and B. G. Chidley? 
Carnegie Institute of Technology, Pittsburgh, Pennsylvania 
(Received June 13, 1960) 


The mean life of muons in vacuum calculated 
from the theory of weak interaction proposed by 
Feynman and Gell-Mann’ is 2.26+ 0.004 usec. In 
this calculation a coupling constant G =(1.41+ 0.01) 
x10~* erg cm® obtained from the beta decay of 
Oo was used and no radiative corrections were 
made to the constant. In beta decay, however, 

a radiative correction to the coupling constant 
has to be made. Also another radiative correc- 
tion pertaining to the muon decay process is 
necessary. Both of these corrections were made 
by Berman’ and Kinoshita and Sirlin,® giving a 
value for the coupling constant G =(1.40+ 0.01) 
x10~* erg cm® and 2.314 0.05 usec for the muon 
mean life as compared to the experimental value 
of 2.22+0.02 usec.* 

A more precise measurement of the muon 
mean life would give a value of the coupling con- 
stant to a better accuracy with the necessary 
radiative corrections amounting only to about 
0.4%. 

An experimental arrangement used in such a 
measurement is shown in Fig. 1. 

The 70-Mev 7* mesons from the Carnegie 
Tech cyclotron were stopped in a 1-in. thick 
carbon target and were detected by a coincidence 
arrangement 1+2+3 +4. The electrons from 
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FIG. 1. Experimental arrangement. 
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muon decays were detected by counters 4+5 +6. 
Muons from 1* decays were randomly polarized, 
therefore eliminating a possible modulation of 
the decay curve caused by the muon precession 
in the stray magnetic field. Also Helmholtz 
bucking coils were used to reduce the magnetic 
field at the carbon target to about 0.2 gauss. 

The high intensity of the 7* beam allowed the 
operation of the cyclotron at a low level which 
reduced the general background in the experi- 
ment. 

The time interval between a stopped 7 which 
gave rise to a muon (7 mean life is ~0.02 usec) 
and the electron from a muon decay was meas- 
ured by counting the number of 10-Mc/sec 
pulses in that interval. The block diagram of 
the electronic circuitry is shown in Fig. 2. 

A positive gate generated by a stopped 7 and 
an electron from muon decay was fed in coinci- 
dence with a continuous wave train from a 
10.0016 + 0.0002 Mc/sec oscillator. A Hewlett- 
Packard 520A fast scaler with a scaling range 
of 200 counted the pulses in the output train 
from the coincidence circuit. After the 10- 
Mc/sec pulses were counted, a 2-Mc/sec wave 
train originating in the memory circuit of the 
256 RCL pulse-height analyzer complemented 
the Hewlett-Packard scaler and a count in an 
appropriate channel of the memory circuit was 
registered. In this fashion a muon decay curve 
was accumulated in the memory of the pulse- 
height analyzer. The electron pulses were de- 
layed with respect to the 7 pulse by a fixed delay 
of 2.75 usec. Such a delay allowed for the pulses 
to arrive well after the rise time of the fast gate, 
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FIG. 2. Block diagram of the electronic circuitry. 
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therefore removing any electronic transient ef- 
fects from the beginning of the decay curve. A 
stopped 7 generated a pulse which shut off the 
gate 15 usec later if no electrons were detected. 
The electronic system was protected by circuits 
with appropriate dead times incorporated in the 
inputs to the fast gate. 

In order to check the effects of the background 
on the value of the muon mean life, measure- 
ments were taken at several beam intensities. 
The ratio of the number of counts detected 10 
usec later varied from 450:1 to 30:1. Also 
measurements were made with and without an 
aluminum absorber placed in the detecting 
telescope between counters 4 and 5. 

To check for the systematic errors originating 
in the electronic apparatus, muon decays were 
accumulated at various settings of discriminators 
and also a measurement was made with an altered 
shape of the fast gate. No systematic changes in 
the measurement were observed. 

The linearity of the system was checked by 
means of two pulse generators triggering the 
fast gate on and off at random. In such a case 
the number of counts accumulated in each chan- 
nel is proportional to its width, and if the system 
is linear the data should fall on a straight line 
with a zero slope. Repeated tests during the 
experiment with approximately 60000 counts/ 
channel produced straight lines with slopes less 
than their errors. A systematic check of the 
oscillator frequency was also performed. 

A total of 14 runs were taken, each containing 
about 300000 ».* decays. Data from each run 
were analyzed by a method of least squares with 
an IBM-650 computer. The weighted average of 
the results gave the mean life of 2.211+ 0.003 
usec. The error is computed from the variance 
of the 14 runs. 

This result is in good agreement with the value 
obtained by Fisher et al.° of 2.20+ 0.015 usec and 


with a recent measurement by Telegdi et al.® of 
2.208 + 0.005 psec. noe 

From the measured mean life and utilizing the 
latest value’ for the muon mass, (206.76+0.03)m 
the coupling constant calculated from the V-A 
theory is G=(1.428+ 0.002) x10~*® erg cm*. The 
radiative correction of Kinoshita and Sirlin 
applied to the mean life measurement gives the 
value G =(1.431+ 0.002) x10™ erg cm’. 

A measurement of the mean life of the negative 
muon in carbon was also made in this experi- 
ment. The necessary changes for the measure- 
ment were to reverse the direction of the mag- 
netic fields used in the experiment and to add 
some absorber in the range telescope in order 
to stop the negative muons in the carbon target. 

The mean life for the negative muons was 
found to be 2.0434 0.003 usec. Assuming that 
the decay rates in carbon of the negative and 
positive muons are equal, the capture rate of 
negative muons in carbon obtained from this 
measurement is (3.73 x0.11) x10*/sec. 


e’ 
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EXTENSION OF THE ISOBARIC NUCLEON MODEL FOR PION PRODUCTION IN 
PION-NUCLEON AND NUCLEON-NUCLEON COLLISIONS* 


S. J. Lindenbaum and R. M. Sternheimer 
Brookhaven National Laboratory, Upton, New York 
(Received June 6, 1960) 


We have previously proposed an isobaric nu- 
cleon model of pion production in pion-nucleon 
and nucleon-nucleon collisions.'»? In this model, 
-it is assumed that the nucleon is excited to an 
isobaric level which subsequently decays into a 
nucleon and one or several pions. The isobaric 
state which has been considered in our previous 
calculations is the T=J=3/2 state, to be denoted 
by N,* , which corresponds to the resonance of 
the 7* - p system at 180-Mev pion energy. For 
m-N interactions, we have considered the follow- 
ing reactions: 


1+N=N,*+N," +7, (1) 
N,*+N+z, (2) 


where %,* is the initial compound state of the 
a-N system, which subsequently decays into N, 
+7. The probability P,, dm, for exciting the iso- 
bar N,* in the mass range between m, and m, 
+dm, was obtained from 


9(™ )dm.=Coa (m ) F dm_, (3) 


Ps/ I ~ 3/2 
where 0,,(m) is me total 7* - pcross section at 
the el A n* energy, F is the two-body 
phase space factor, andC is aconstant. This 
model has been found to be in reasonable agree- 
ment with most of the dominant features of a 
number of experiments on inelastic 7-N and N-N 
interactions.*"® 

It has been recently shown®””® that the T=1/2 
cross section for the 7-N system, 0,,, has two 
pronounced maxima in the region of 500-1000 
Mev pion kinetic energy T,, one at T, =600 Mev, 
the other at T, = 880 Mev. If we assume that 
these maxima are due to higher isobaric states 
of the nucleon, to be denoted by No,* and Nop", 
then we can expect that pion production will pro- 
ceed via these states, in addition to the N,* pro- 
cesses (1) and (2). We will consider together the 
two states No,* and Np", and will therefore re- 
fer to the group of the T=1/2 states as ) + Thus 
we have the following possible reactions: 


P 


1+N=N,*—N,*+7, (4) 
N,*-N+7, (5) 
N,*=-N,* +; N,*=N+n. (6) 


24 


Reactions (5) and (6) correspond to alternative 
modes of decay of N,*. In these reactions, it is 
assumed that any transition between isobaric 
states proceeds by emission of a single pion. 

In analogy with our previous work,” we obtain 
the probability P,,(m,) for exciting the isobars 
N,” from an expression similar to Eq. (3), in 
which 0,,(m,) is replaced by o,,(mj). The use of 
the experimental cross section 0,,.(m,) for all 
possible mass values m, implies that we include 
the so-called background between the resonances 
as in a sense representing possible unresolved 
levels in the vicinity, or the tails of levels cen- 
tered at other energies. 

In the following, we consider only the reactions 
(4) and (5) leading to single pion production via 
N,*. The momentum spectra for the recoil pion 
from (4) and for the decay pion from (5) will be 
called J, 3 andJ, 4, respectively. These spec- 
tra are determine in the same manner as the 
spectra J, 4 [decay pion from (2)] and J, 2 [re- 


coil pion em (1)] obtained in II [see Eqs: (4)- (8) ]. 


Figure 1 shows the spectra J, 1 -J 1,4 for an 
incident pion energy oe =1. 0 Bev. The fact 
that the decay pions from 1'N,* (Jz, 4) have a large 
average momentum is a direct consequence of 
the large mass difference between N,, .* and the 


a 
nucleon." The mass m, which corresponds to 





12 T T T ao a T T T T T T 
Ty.inc= |O Bev Jez 7 
10 


Jy, 














Tit 


0.2 0. 3 0.4 0.5 0.6 
” PION C.M.S. MOMENTUM 9, (IN Bev /c) 


FIG. 1. Center-of-mass momentum spectra J 1,17 
J 4 for an incident pion energy T, ;,,=1.0 Bev. 
ra 1 and J; 2 pertain to the N,* reactions (1) and (2); 
Ja ,3 and Ja 4 pertain to the N,* reactions (4) and (5). 
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T, = 600 Mev is m,=1.51 Bev, so that m;-my 
=0.57 Bev. The fact that the recoil pions from 
reaction (4) (J, 3) have a relatively low momen- 
tum js also a consequence of the large mass of 
Noa , which leaves relatively little kinetic en- 
ergy for the recoil pion when Nag" is excited with 
a mass m,~1.5 Bev. 

We have obtained the momentum spectra of the 
a*, 7°, and 7” mesons from the reactions 1~ +p— 
a +at+n, and 1 +p—1 +7°+p. These reactions 
will be denoted by (I) and (II), respectively. The 
cross section for producing N,*+17 (a =1 or 2) 
[Eqs. (1) and (4)] in the state of total isotopic 
spin T will be denoted by oT, a’ There are four 
cross sections of this kind: ©,,, 0,,, 03,, and 4). 
We define p, and p, by p, = %5,/20,,; Pz = 2/2045. 
The phase angles between the T=3/2 and T=1/2 
matrix elements will be denoted by g, and ¢, for 
reactions (1) and (4), respectively.** 

The total cross sections for reactions (I) and 
(II) are given by 


of = 0, ,($+#80,+4a)+4A0,, , (7) 

o™. $0, ($+3%0, - $a)+ $0, ,4 +2B), (8) 
where 

A=2+1p,+2V2p, cosg,, (9) 

Bz=1+p,-A, (10) 


a=(2/5*)p,“” cosg,, and o,, ¢ is the part of o,, 
which goes into single pion production. 

The differential cross section as a function of 
center-of-mass momentum Dy for the 1” from 
reaction (II) is given by 


( 


(do/dp ) (n-) = 40, +20, - tad, 
+($+38p, - $a)J_ 91+ 4%, , gt 2Bs 4)" 
(11) 


The 7° differential production cross section is 
obtained from (11) by interchanging J, 1 with 
Jy ,2> and J, 3 with J, 4 

"For reaction (D, the ‘7+ mesons made via n° 
are predominantly fast (term in do/dp,xJ, me 
whereas the 7” mesons are on the average of 
lower energy (spectrum “dz, 3). Hence the in- 
troduction of an admixture of N,* reactions will 
not affect the agreement with experiment pre- 
viously obtained’ for the 1” and n+ from reaction 
(I). 


There are three experiments on inelastic 7 -p 


interactions in the region of T, inc™ 1.0 Bev.®"® 
Concerning the reaction 1 “sper” +7°+p, for the 
Bologna (Alles-Borelli et al.”) and Brookhaven 
(Ayer, Pickup, and Salant®) experiments at Tz, inc 
=0.96 Bev, the average momentum of the 7” is 
appreciably higher than that of the 7° mesons, 
whereas for the Gottingen (Derado and Schmitz°®) 
experiment at 1.0 Bev, there is a preponderance 
of slow 1 and fast 7° mesons. Our previous iso- 
bar model work involving N,* only gives good 
agreement with the Bologna-Brookhaven spec- 
trum of 7” and 7°. If the difference between the 
Gottingen and Bologna- Brookhaven experiments 
should indeed be real, we can approximately fit 
the Gottingen experiment by means of the present 
extended isobar model by allowing a relatively 
large admixture of N,* processes and taking 
~,=0°. However, it is perhaps reasonable to 

add together the pion momentum distributions 
from the three experiments, and we have obtained 
an approximate fit to the combined distributions, 
using the present isobar model, with 0,,/(0,, + 0,,) 
=0.2. 

From the total inelastic cross sections for 
m~ - p (~22 mb),® and for a* - p (~10 mb),’* from 
the cross section for double pion production (~3 
mb),°*” and from the requirement that the ratio 
R= o(I) / o()) should equal the experimental value 
of 0.58 for the combined experiments at 1.0 Bev, 
we obtain the following values for the parameters: 
0,,=22 mb, 0,,=5.6 mb, 0,,,=3.1 mb, p,=p, 
=0.18, g,=105°, gy, =0°, which gives: A=1.13, 
B=0.05; o( =10.3 mb, and o\) =6.0 mb. 

The resulting theoretical spectra for the 7~™ and 
7° from reaction (II) are shown in Figs. 2(a) and 
2(b), together with the combined histograms from 
the 3 experiments at 1.0 Bev. For the 7 spec- 
trum, the theoretical curve lies somewhat below 
the histogram at low momenta (p, = 0.15-0.3 
Bev/c), and correspondingly, the. present isobar 
model predicts too many high-energy 1” (p, 
=0.4-0.5 Bev/c). For the 7° mesons, the theo- 
retical curve from the isobar model is in good 
agreement with the experimental histogram.* 

We have also obtained the branching ratios for 
the various pion-producing reactions for p-p and 
n-p collisions. The following reactions were con- 
sidered: P+N-N+N,*; : p+N-2N,"; ; D+N-N+N, "; 
p+N-N,* +N,*; 4 p+N~2N,* . The first two reac- 
tions have been previously investigated in I. The 
present extension of the model allows up to four- 
pion final states in 7-N and up to eight-pion final 
states in N-N interactions. 

For pion production in nucleon-antinucleon in- 
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FIG. 2. Center-of-mass momentum spectra of the 7~ and 1° mesons from the reaction a~+p—21-~+n°+p at 
T;, inc =1-0 Bev. (a) s~ mesons; (b) n° mesons. In each figure, the histogram represents the combined data of 
the experiments of Derado and Schmitz (reference 6), Alles-Borelli et al. (reference 7), and Ayer, Pickup, and 
Salant (reference 8). The solid curve was obtained from the present isobar model. The dashed curve gives the 
result of the Fermi statistical theory. The theoretical curves and the histogram are normalized to the same area. 


teractions without annihilation, we can assume 
that the reaction may proceed via the formation 
of an anti-isobar N,* which is the antiparticle of 
the isobar N,*. Specifically, for single pion pro- 
duction, we have the following two reactions, 
which have equal cross sections: 


N+N-N,*+N-N+N+z7, (12) 


N+N-N,*+N-N+N+z, (13) 


where N=antinucleon. For p-p collisions, the 
probabilities P for the four possible final states 
are: P(pnn*t)=P(npr~)=1/6; P(ppn°) =P(nnn*) 
=1/3. The pion spectrum is given by J, , as de- 
fined in I [Eq. (21) and Fig. 3]. The spectrum 
for either the nucleon or the antinucleon from 
each of the four reactions is 3 ;+Jy 9) in the 
notation of I [Eq. (47) and Figs. 778]. ” 

A more complete account of the present work 
will be given in a future publication. 
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In this section are printed the abstracts of Articles 
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In quoting information obtained from this section be- 
fore the appearance of the corresponding Article, ref- 
erence should be made to “Physical Review (to be 
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COLLISION OF TWO PLASMA STREAMS. W. E. 
Nexsen, Jr., W. F. Cummins, F. H. Coensgen, 
and A. E. Sherman, Lawrence Radiation Labo- 
ratory, University of California, Livermore, 
California (Received April 25, 1960). 


It has been predicted that under certain condi- 
tions the counterstreaming of colliding plasma 
streams should be unstable and should be stopped 
in a very short distance with the translational 
energy being converted to the energy of ion or 
electron oscillations. The collision of two plas- 
ma streams satisfying one set of conditions, for 
which instability had been predicted, has been 
studied experimentally, and no evidence of in- 
stability has been observed. Study of the plasma 
dispersion equation indicates that much more 
rigorous conditions must be met before such in- 
stability should occur. 


EFFECTS OF COLLISIONS ON THE CYCLOTRON 
RADIATION FROM RELATIVISTIC PARTICLES. 
Ludwig Oster, Laboratory of Marine Physics, 
Yale University, New Haven, Connecticut (Re- 
ceived March 2, 1960; revised manuscript re- 
ceived May 2, 1960). 


The effects of collisions on the cyclotron ra- 
diation from relativistic particles are investi- 
gated, supposing a uniform velocity for the par- 
ticles. For the collision process, it is assumed 
that the particles start to radiate at a certain time 
and are abruptly stopped by the collision, after 
which they start to radiate again with random 
phase. The probabilities for the occurrence of a 
certain time interval between two collisions are 
then assumed to be distributed according to a 
statistical law. 

The field equations are derived from the famil- 
iar Liénard-Wiechert potentials and are Fourier- 
analyzed. Simple integral representations are 
found for the combined spectral and angular dis- 


tribution of the radiation. Under the basic as- 
sumption that the particles make many revolu- 
tions between two collisions, it is shown that the 
radiation pattern is that of a series of spectral 
lines, each having a dispersion profile. The re- 
lative intensities of the lines are given by the © 
formula well known from previous work neglect- 
ing collisions. 

For the “slightly relativistic” energy range, 
B,=0.5-0.9, of interest to thermofusion experi- 
ments, graphs are given for the actual intensity 
distribution of the various harmonics as a func- 
tion of the angle between the observer and the 
orbital plane. 


THERMODYNAMIC POTENTIALS FOR SYS- 
TEMS AT NEGATIVE ABSOLUTE TEMPERA- 
TURES. Charles E. Hecht,* The Enrico Fermi 
Institute for Nuclear Studies, University of 
Chicago, Chicago, Illinois (Received April 18, 
1960). 


It is shown on purely phenomenological grounds 
that for systems in equilibrium at negative ab- 
solute temperatures all the usual thermodynamic 
potentials, and in particular the energy, attain a 
maximum value instead of a minimum value. 


“Present address: Department of Chemistry, Amer- 
ican University of Beirut, Beirut, Lebanon. 


EQUILIBRIUM PROPERTIES OF A PARTIALLY 
IONIZED PLASMA. Gilda Maki Harris and John 
Trulio, Lawrence Radiation Laboratory, Univer- 
sity of California, Livermore, California (Re- 
ceived April 25, 1960). 


A model for a partially ionized, partially dis- 
sociated plasma has been formulated using known 
theoretical concepts to describe both bound and 
free electron states, internal molecular degrees 
of freedom, and Coulomb interactions. It has 
been applied to a system of particles arising 
from the hydrogen molecule. The Coulomb in- 
teraction is treated in the classical Debye ap- 
proximation. However, a distance of closest 
approach between ions and electrons depending 
on the kinetic energy of the electrons is included 
to avoid the short-range divergence of the Cou- 
lomb potential. The kinetic energy of the free 
electrons is calculated from the partition func- 
tion for a perfect Fermi gas. The vibrational 
and rotational motions are treated in the harmon- 
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ic oscillator and rigid rotor approximations with 
the number of energy levels counted for a given 
electronic state depending on the dissociation 
energy of the state. A volume dependence of the 
bound electronic energy eigenvalues is included 
by considering the effect of surrounding particles 
as a confinement of a given particle to a spheri- 
cal box of variable size. For the counting of the 
bound electronic states, a given state is bound 
until its energy increases to zero due to confine- 
ment. From the partition function for the entire 
system, the free energy is calculated. By a 
minimization of the free energy of the system, 
the equilibrium composition as a function of 
temperature and volume is obtained. Then not 
only can thermodynamic quantities be calculated, 
but it is believed that a reasonable approxima- 
tion to the correct balance of molecular, ionic, 
and free electronic states is achieved over a 
wide range of v-T space. Consequently, regions 
where incomplete ionization and dissociation are 
important are delineated. In addition, for differ- 
ent regions of v-T space, the relative contribu- 
tions of charged-particle interaction, of the non- 
classical behavior of electrons, of internal de- 
grees of freedom, and of translation to the total 
energy of the system can be determined. 


FERRIMAGNETIC RESONANCE IN THREE - 
SUBLATTICE SYSTEMS. Roald K. Wangsness, 
U. S. Naval Ordnance Laboratory, White Oak, 
Maryland and Department of Physics, Univer- 
sity of Arizona, Tucson, Arizona* (Received 
April 29, 1960). 


Two classes of three-sublattice systems are 
considered: antiparallel and triangular. The 
general solution of the undamped equations of 
motion is obtained and approximated to the high- 
est order of the molecular field coefficients of 
interest for each case. For the antiparallel 
case, the components of the susceptibility tensor 
are obtained up to the first correction term to 
the usual expressions. For the triangular case, 
the leading terms needed for the susceptibility 
tensor are obtained and the effective gyromag- 
netic ratio evaluated; the latter is quite different 
from the form usually assumed. A new effect is 
also predicted for the triangular case when all 
sublattice gyromagnetic ratios are different; 
this effect consists of the production of an os- 
cillating magnetization component perpendicular 
to the oscillating field and of the same frequency 
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and is not a consequence of nonlinear terms in 
the equations of motion. 


*Permanent address. 


SOLUBILITY OF FLAWS IN HEAVILY DOPED 
SEMICONDUCTORS. W. Shockley, Shockley 
Transistor Unit of Clevite Transistor Products, 
Palo Alto, California, and J. L. Moll, Stanford 
University, Stanford, California (Received 
April 21, 1960). 


The solubility of a charged impurity in a semi- 
conductor depends upon the Fermi level. This 
dependence may be understood in terms of a 
conceptual mode! in which an impurity is allowed 
to diffuse in a specimen containing a p-n junc- 
tion, so that the Fermi level varies in respect 
to the band edges. If the impurity can exist in 
many states of charge (i.e., is a “flaw”), then 
the concentration of flaws with charge ry times 
the electronic charge varies as the rth power of 
the hole density. Summing the concentrations 
for the different states of charge gives the solu- 
bility and its dependence upon hole concentra- 
tion, and, hence, Fermi level. 


SURFACE PLASMA OSCILLATIONS OF A 
DEGENERATE ELECTRON GAS. E. A. Stern 
and R. A. Ferrell,* University of Maryland, 
College Park, Maryland (Received March 7, 
1960). 


Following Ritchie the anomalous character - 
istic energy losses of energy lower than the 
plasmon energy, exhibited by some metals, are 
attributed to quantized surface waves of the 
degenerate electron gas. Although Ritchie’s 
theory has been verified for an ideal pure metal 
surface by Powell and Swan by reflection of high- 
energy electrons, the transmission experiments 
show a lower energy loss generally. This is 
accounted for by taking into account the relaxa- 
tion produced by the oxide coating on the surface 
of the metal. In this way, the experimental data 
are completely accounted for without the assump- 
tion of any anomalous bulk dielectric properties 
of the metal. The present paper studies the de- 
pendence on thickness of the oxide coating, and 
it is found that a surprisingly thin coating, of 
say only 10 angstroms thickness, can produce a 
significant effect. It is established that a meas- 
urement of the dispersion of the energy loss 
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versus angle of scattering in the transmission 
experiment would yield a measurement of the 
oxide film thickness. A further check on the 
theory is suggested by a measurement of the 
angular dependence of the intensity of the low- 
lying characteristic energy loss. A special 
effect is predicted for non-normally incident 
fast electrons. It should be found that the in- 
tensity pattern should flare away from the plane 
of incidence. Besides these special angular 
effects it is predicted that because of the sensi- 
tivity of the surface plasma oscillations to any 
surface coating the value of the surface charac- 
teristic energy loss can be varied between wide 
limits by choosing the appropriate coating. In 
particular, making double films of two different 
metals should produce surface characteristic 
energy losses in between the bulk characteristic 
energy losses of the two separate metals. 


*Present address: CERN, Geneva, Switzerland. 
Permanent address: University of Maryland, College 
Park, Maryland. 


CENTER LAW OF THE LATTICE VIBRATION 
SPECTRA. Johannes N. Plendl, Electronic Ma- 
terial Sciences Laboratory, Electronics Research 
Directorate, Air Force Cambridge Research 
Center, Air Research and Development Command, 
Bedford, Massachusetts (Received March 30, 
1960; revised manuscript received May 20, 1960). 


The lattice vibration spectra of a solid, as a 
whole, can be characterized by one single fre- 
quency, defined as the frequency of “the center of 
gravity” of the infrared spectrum, simply called 
“center frequency.” The data of this frequency 
have been determined for many nonconducting 
solids (compounds) from the experimental spec- 
tra of lattice vibrations in reflectance as well as 
in absorption. A striking experimental phenom- 
enon is discovered: The center frequency, 
whether determined from the reflectance or from 
the absorption type spectrum, remains the same 
and is identical with Debye’s characteristic fre- 
quency. This phenomenon is exhibited for a 
large variety of nonconducting compounds cover- 
ing almost the entire range of the vibrational 
spectra of solids. Moreover, the center fre- 
quency remains constant with varying tempera- 
ture. The equality of the center frequency of the 
infrared spectrum with the characteristic fre- 
quency from specific heat constitutes the “center 
law of the lattice vibration spectra.” 


CASCADE CAPTURE OF ELECTRONS IN SOL- 
IDS. Melvin Lax, Bell Telephone Laboratories, 
Murray Hill, New Jersey (Received April 21, 
1960). 


Enormous capture cross sections in the range 
10-** cm? to 10°” cm? have been observed for a 
wide variety of Coulomb attractive centers in Si 
and Ge, some involving binding energies many 
times the Debye energy. Whereas multiphonon 
transitions to the ground state yield cross sec- 
tions five to ten order of magnitude too small, 
capture into excited states of large radius fol- 
lowed by a cascade of one- phonon transitions 
leads to cross sections of the right order of 
magnitude. The initial capturing event is likely 
to involve an optical phonon or an intervalley 
collision in the room temperature range, but 
the acoustic phonon contribution will predomi- 
nate at low temperatures. | 

Subsequent collisions may eject the electron 
or cause it to increase its binding energy. The 
“sticking probability,” or probability of eventual 
capture into the ground state, becomes signifi- 
cant for binding energies of order kT. As the 
temperature is reduced, capture into orbits of 
larger radius becomes effective, and, at least 
for the acoustic phonon case the cross section 
increases rapidly with decreasing temperature, 
and with decreasing electron energy. The large 
cross sections 10° *” cm? to 10-*® cm? found for 
neutral centers can be explained on a similar 
basis, the attractive potential in this case being 
provided by the large polarizability of the neu- 
tral center. 


a AND 8 BANDS IN NaF, NaCl, AND KCl. 
Ryumyo Onaka and Ikuo Fujita, Institute for 
Optical Research, Tokyo University of Educa- 
tion, Shinjuku-ku, Tokyo, Japan (Received 
April 18, 1960). 


By means of a vacuum spectrophotometer, a 
and 8 bands have been observed in NaF, NaCl, 
and KCl, irradiated by soft x rays. At liquid 
nitrogen temperature, the positions of the a 
band are 9.4, ev in NaF, 7.1, ev in NaCl, and 
6.9, ev in KCl, and the positions of the 8 band 
are 9.7, ev in NaF, 7.3, ev in NaCl, and 7.3, ev 
in KCl. The doublet structure of the 8 band in 
NaCl, expected by Fuchs’ theory, has not been 
detected. This may be due to the fairly wide 
bandwidth of the component bands. 
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CROSS RELAXATION EFFECT OF CHROMIUM 
AND IRON IN K,(Co, Cr, Fe)(CN),. Jan M. 
Minkowski, Radiation Laboratory, The Johns 
Hopkins University, Baltimore, Maryland (Re- 
ceived April 8, 1960; revised manuscript re- 
ceived April 28, 1960). 


Strong coupling between spins of Cr** and Fe°* 
and large ratio of spin-lattice relaxation times 
of these two ions at 4.2°K are demonstrated by 
inversion of the v,, transition of Cr**+, when the 
V4, and y,, transitions are saturated. At 1.9°K 
the spin-lattice relaxation times are nearly equal 
and no inversion takes place. 


CRITICAL FIELDS OF THIN SUPERCONDUCTING 
FILMS. William B. Ittner, II, International 
Business Machines Research Laboratory, Pough- 
keepsie, New York (Received April 25, 1960). 


The critical fields of thin superconducting 
films have been calculated on the basis of the 
Bardeen-Cooper -Schrieffer (BCS) theory of 
superconductivity following a method outlined 
by Schrieffer. It is shown that it is convenient 
to use the critical-field formula postulated by 
London, where the London penetration depth is 
replaced by an effective penetration depth which 
can be specified through the use of the BCS 
theory. The effective penetration depth, unlike 
the London penetration depth which, for a given 
material, varies only with the temperature, is 
found to vary, in the BCS theory, with both the 
film thickness and the electronic mean free 
path of the normal material. This paper at- 
tempts to show that the measured critical fields 
of thin tin films are in general qualitative agree- 
ment with the predictions of the BCS theory. 


ADIABATIC DEMAGNETIZATION AND SPECIFIC 
HEAT IN FERRIMAGNETS. J. E. Kunzler, L. R. 
Walker, and J. K. Galt, Bell Telephone Labora- 
tories, Murray Hill, New Jersey (Received 

April 21, 1960). 


The specific heat of yttrium iron garnet (YIG) 
has been measured at 1.45°K as a function of 
magnetic field from zero to 18 kilo-oersteds. 

It is found to drop about 30% over this field 
range as the field is increased. Adiabatic tem - 
perature changes, AT, were observed during 
magnetic cycles over various field intervals in 
the range from 3 to 18 kilo-oersteds, and at 
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various temperatures between 1 and 4°K. The 
experimental values of AT and the specific heat 
fit the predictions of spin wave theory to within 
experimental error. The data are sufficiently 
extensive to provide a useful test of spin wave 
theory as well as checks on the consistency of 
the data themselves as between the two types of 
observations. Values of various parameters 
which characterize the thermal and magnetic 
properties of YIG are determined from this in- 
vestigation to have the following values: Landau- 
Lifshitz exchange constant A =4.3 x10~" erg/cm; 
Debye temperature @=510°K. The serious effect 
of magnetic impurities on investigations of this 
sort is pointed out. 


MAGNETIC RESONANCE AND RAPID PASSAGE 
IN IRRADIATED LiF. James S. Hyde,* Labora- 
tory for Insulation Research, Massachusetts 
Institute of Technology, Cambridge, Massachu- 
setts (Received April 4, 1960). 


The experimental result of Portis that at room 
temperature the paramagnetic dispersion signal 
(dx,,,'/4H) of radiation-induced paramagnetic 
centers in LiF has the shape of an undifferentiated 
Gaussian curve and lags the modulation field by 
90 degrees has been confirmed. His theory, ex- 
plaining this result as a manifestation of rapid- 
passage behavior, has been tested over a range 
of experimental parameters and appears valid. 
In terms of this theory we found that the spin- 
lattice relaxation time 7, =1.5x10~ sec at room 
temperature. 

The prediction has been made by Portis that, 
if w,,T,>1, where w,, is the modulation fre- 
quency, the rapid-passage signal should lag the 
modulation field by 180 degrees. A lag of 130 
degrees has been found at 4°K in LiF, using a 
modulation frequency of 23 cps, and the phase 
appears to approach a constant value. The same 
phase shift (130°) can be found at room tempera- 
ture by using 400-cps modulation and can be 
interpreted as indicating that T, =2.6x10~° sec 
at 4°K. It seems more likely, however, that at 
4°K the assumption made by Portis, that 
T,>T,, fails, and that spin-spin effects make 
the situation more complex. 

An argument is presented that the magnetic 
resonance arises from the F center. From its 
shape we have obtained a value for the hyperfine 
splitting: hy =32+1 gauss. This result is com- 
pared with those of other workers who have 











—-— ww 

















VOLUME 5, NUMBER 1 


PHYSICAL REVIEW LETTERS 


Jury 1, 1960 





reported resolved structure in LiF, and the 
conclusion is reached that the resolved struc- 
ture resonances probably do not arise from the 
F center. 


*Present address: Varian Associates, Palo Alto, 
California. ; 


SATURATION OF THE MAGNETIC RESONANCE 
ABSORPTION IN DILUTE INHOMOGENEOUSLY 
BROADENED SYSTEMS. James S. Hyde, * 
Laboratory for Insulation Research, Massachu- 
setts Institute of Technology, Cambridge, Massa- 
chusetts (Received April 4, 1960). 


The existing theory due to Portis for the 
saturation of inhomogeneously broadened reso- 
nances is discussed and a new theoretical formu- 
lation of the problem is developed, using an ex- 
pression for the transition probability first 
given by Rabi. For yH, greater than both T,~* 
and T,~', the rf field interacts with spins pre- 
cessing in the frequency interval yH,; this 
expression permits explicit calculation of the 
resulting magnetic loss. No assumption is 
made of the shape of the individual (homogene- 
ously broadened) spin packets in weak exciting 
fields. For F centers in alkali halides, the 
results are identical with those of Portis, but 
the underlying physical reasons differ. 


*Present address: Varian Associates, Palo Alto, 
California. 


CLASSICAL THEORY OF SPIN CONFIGURA- 
TIONS IN THE CUBIC SPINEL. T. A. Kaplan, 
Lincoln Laboratory, Massachusetts Institute of 
Technology, Lexington, Massachusetts (Re- 
ceived April 11, 1960). 


It is shown that the Yafet-Kittel triangular 
spin-configurations in the cubic spinel do not 
minimize the classical Heisenberg exchange en- 
ergy. (Only nearest-neighbor A-B and B-B in- 
teractions, J, p andJpp, are included; one 
spin magnitude S, for the A sites, and one, Sp, 
for the B sites is assumed.) A theory of the 
classical ground state more general than that of 
Yafet and Kittel is investigated. This consists 
of first determining the largest value, y,, of 
¥ =JppSp/JapSa for which the Néel configura- 
tion is stable with respect to arbitrary small 
spin-deviations. (y, is roughly 10% smaller 
than the value of y found by Yafet and Kittel for 


the breakdown of the Néel configuration.) A per- 
turbation method for finding the minimum energy 
configuration when y - y, is small and positive is 
then employed. It is concluded (1) that equilib- 
rium configurations exist which have nonzero 
angles between spins on the A sites simultaneously 
with angles between those on the B sites, in con- 
trast with the Yafet-Kittel results; and (2) that 
there will be long-range-ordered, canted spin 
configurations in the cubic spinel, contrary to 
Anderson’s suggestion. These conclusions are 
discussed in connection with experiments on 
MnCr,O, and Mn,Q,. 


MAGNETIC PROPERTIES OF Mn,O, AND THE 
CANTED SPIN PROBLEM. Kirby Dwight and 
Norman Menyuk, Lincoln Laboratory, Massa- 
chusetts Institute of Technology, Lexington, 
Massachusetts (Received April 11, 1960). 


The magnetic properties of single crystals of 
hausmannite (Mn,O,) have been investigated be- 
tween 4.2°K and the ferrimagnetic Curie point 
at 41.9°K. The c axis was found to be the hard 
direction of magnetization and the c plane was 
found to possess considerable anisotropy, with 
respective anisotropy fields of about 10° oe and 
10* oe. These anisotropy energies decreased 
slowly with increasing temperature, whereas 
the coercive force at 15°K was about an order 
of magnitude less than at 4.2°K. The spontan- 
eous magnetization is 1.85 » ,/molecule, which 
agrees with previous polycrystalline values 
when the observed anisotropies are taken into 
account. However, several of the observed 
properties of hausmannite disagree, some 
quantitatively and others qualitatively, with 
calculations based on the Yafet-Kittel theory. 

It is concluded that the concept of canted spins 
is essentially correct, but that the specific 
Yafet -Kittel model involves oversimplifications 
which limit its applicability. 


EFFECT OF OXYGEN ON THE MAGNETORE- 
SISTANCE OF COPPER. R. L. Dolecek, U. S. 

Naval Research Laboratory, Washington, D. C. 
(Received April 22, 1960). 


To determine the influence of physical and/or 
chemical impurities on the high-field magneto- 
resistance of copper, measurements were made 
of the effect on specimen properties of work 
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hardening and the presence of O, in the atmos- 
phere used for annealing. A Kohler plot of the 
transverse magnetoresistance for all specimens 
gave a single smooth curve. The plot for the 
longitudinal magnetoresistance of any one speci- 
men as the concentration of defects was in- 
creased between successive measurements, 

also gave a smooth curve. However, the satura- 
tion value of the longitudinal magnetoresistance 
was markedly affected by annealing in an atmos- 
phere containing O,. The zero-field ratio of 
transverse to longitudinal magnetoresistance 
was found to be quite sensitive to work hardening 
and the presence of O, in the annealing atmos- 
phere. 


PARAMAGNETIC RESONANCE AND OPTICAL 
SPECTRUM OF IRON IN BERYL. M. Dvir and 
W. Low, Department of Physics, The Hebrew 
University, Jerusalem, Israel (Received 
April 27, 1960). 


The paramagnetic resonance spectrum of Fe** 
in beryl was measured at 20° and 290°K. In 
addition to this spectrum many weak lines were 
observed and possible explanations of these lines 
are discussed. 

The optical spectrum shows a spectrum char- 
acteristic of trivalent iron. In the infrared 
region there are several groups of sharp lines 
whose origin is not yet known. 


LOW-TEMPERATURE IMPURITY CONDUCTION 
AND MAGNETORESISTIVITY IN x-TYPE GER- 
MANIUM. Peter Csavinszky, Hughes Products, 
Newport Beach, California (Received March 7, 
1960; revised manuscript received April 14, 
1960). 


The resistivity of several lightly doped (Sb) 
n-type germanium samples has been calculated 
and compared with values measured at 2.5°K. 
An order-of-magnitude agreement has been ob- 
tained for a span of five orders of magnitude in 
the resistivities. It has been assumed that the 
mechanism of conductivity consists of jumping 
of electrons from occupied to empty donors. 
The number of charge carriers has been de- 
termined by calculating the number of “free” 
donor ions. The “trapped” donor ions, due to 
the presence of charged compensating acceptors, 
have been assumed not to participate in the con- 
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duction process. The effect of a constant mag- 
netic field on impurity conduction has also been 
investigated and a simple theory of magnetore- 
sistivity is presented. The calculated magneto- 
resistive ratio is in order-of-magnitude agree- 
ment with the measured value. 


ELECTRON MOBILITY AND SCATTERING PRO- 
CESSES IN AgBr AT LOW TEMPERATURES. 
Dwight C. Burnham,* Frederick C. Brown, and 
Robert S. Knox, Department of Physics, Uni- 
versity of Illinois, Urbana, Illinois (Received 
April 28, 1960). 


The Hall effect for electrons released by light 
in high-purity crystals of AgBr has been studied 
experimentally in the temperature range 4° to 
120°K. The observed mobilities exceed 20000 
cm?/volt sec at very low temperatures. The 
general features of the dependence of low-field 
Hall mobility on temperature can be understood 
by comparison with standard theory. A nearly 
exponential dependence of mobility on 1/T is 
observed from 40° to 120°K, as predicted for 
scattering by optical vibrations of the lattice. 
The slope of the log u versus 1/T data agrees 
quite well with the Debye 6 for the longitudinal 
optical mode as deduced from reststrahl data. 
Below 40°K the observed mobilities can be ex- 
plained in terms of a combination of the effects 
of optical, acoustical, and charged impurity 
scattering. The last process appears to domi- 
nate below 15°K. High-field effects are observed 
which can be explained by classical transport 
theory assuming a conduction band of standard 
form as well as isotropic scattering. 


*Present address: Research Laboratories, Eastman 
Kodak Company, Rochester, New York. 


ANISOTROPIC FERROMAGNETIC RESONANCE 
LINEWIDTH IN FERRITES. Herbert B. Callen 
and Ernest Pittelli, Department of Physics, 
University of Pennsylvania, Philadelphia, Penn- 
sylvania (Received April 28, 1960). 


In disordered magnetic materials such as the 
ferrites the dominant source of resonance line- 
width can be attributed to processes involving 
only two elementary excitations: the destruction 
of a magnon with the creation either of another 
magnon or a phonon. We here consider only the 
primary magnon-magnon scattering process. 
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We show that the random variation of the spin- 
orbit coupling parameters of the disordered ions 
leads to a resonance linewidth comparable to 
that observed in ferrites. The particular sym- 
metry of the crystalline fields around the octa- 
hedrally coordinated sites causes an anisotropy 
in the linewidth with a minimum in the [100] 
directions and a maximum in the [111] direc- 
tions. This anisotropy of linewidth is in general 
agreement with experimental observations on 
typical ferrites, as for example, the measure- 
ments of Schnitzler, Folen, and Rado on dis- 
ordered lithium ferrite. 


ANISOTROPY OF THE INTRINSIC DOMAIN 
MAGNETIZATION OF A FERROMAGNET. 

S. H. Charap, International Business Machines 
Research Laboratory, Poughkeepsie, New York 
(Received September 14, 1959; revised manu- 
script received April 27, 1960). 


The effect of pseudodipolar coupling on the 
intrinsic domain magnetization of a cubic ferro- 
magnet at low temperatures is investigated. 
Besides the anisotropy in the magnetization re- 
sulting from the dependence of the thermal ex- 
citation of spin waves on magnetization direction 
in the crystal, the pseudodipolar coupling is 
capable of making an anisotropic contribution 
to the magnetization, even at 7 =0°K, in the 
same approximation as its contribution to the 
first order anisotropy constant K,. Both effects 
are calculated and found to be in opposition to 
one another, tending to cancel in nickel at about 
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SOME STUDIES OF THE SUPERCONDUCTING 
TRANSITION IN PURIFIED TANTALUM. J. I. 
Budnick,* International Business Machines 
Research Laboratory, Poughkeepsie, New York 
(Received March 14, 1960; revised manuscript 
received June 2, 1960). 


Extremely sharp magnetic transitions from 
the superconducting to the normal state are 
found for highly purified tantalum specimens 
with residual resistivities approaching 1 x10 
Hohm cm. Negligible flux trapping and pro- 
nounced supercooling is found to occur in these 
samples near the transition temperature T,. 

Values of T, as high as 4.483°K + 0.002°K and 
of the critical field at 0°K, H,, as low as 830+8 
gauss were found for these specimens. The 


critical field curve is found to have a maximum 
deviation from a parabolic temperature dependence 
of about 3%. For tantalum the transition temper - 
ature decreases with increasing residual resis- 
tivity in much the same way as that observed by 
Serin and co-workers in dilute substitutional 
alloys. 

Some investigation is made of the current 
dependence of the resistance transition in a 
magnetic field. 


—_ 
Now at IBM Watson Laboratory, Columbia Univer- 
sity, New York, New York. 


OPTICAL MODE SCATTERING CONTRIBUTION 
TO ELECTRICAL RESISTIVITY IN ZIRCONIUM 
HYDRIDE. Paul W. Bickel and Ted G. Berlin- 
court, Atomics International, Canoga Park, 
California (Received March 21, 1960). 


Electrical resistivity measurements on fcc 
ZrH,,,, and fct ZrH, ,, between 1.2°K and 400°K 
have revealed a sizeable optical mode scattering 
contribution. Excellent fits to the data are ob- 
tained using a simple additive combination of 
Gruneisen and Howarth-Sondheimer functions for 
the respective acoustical and optical mode scat- 
tering contributions. The corresponding acousti- 
cal and optical mode characteristic temperatures 
are in good accord with values derived from 
earlier inelastic neutron scattering experiments. 


PROPERTIES OF SOME MAGNETIC SUPER- 
CONDUCTORS. R. M. Bozorth, D. D. Davis, 

and A. J. Williams, Bell Telephone Laboratories, 
Murray Hill, New Jersey (Received April 25, 
1960). 


Two solid solutions in the system GdRu, - 
CeRu,, in which both ferromagnetism and 
superconductivity have been observed, are 
studied by magnetic methods. The solid solu- 
tion Gd, og2C eo. oighU2, Which has a Curie point 
6 above the critical temperature T, for super - 
conductivity, is both ferromagnetic and super - 
conducting. In Gd,_,,Ce, .~Ru,, for which the 
expected 6<T.,, no ferromagnetic moment could 
be measured, although a small moment may be 
present and not detected by our methods. In 
solid solutions of increasing Gd content, when 6 
begins to exceed the expected T, by a consider - 
able margin, T, suddenly drops toward zero; 
and when T,>6, 6 approaches zero. Similar 
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conclusions apply to the system GdOs, -LaOs, 
when @ and T, are related in the same ways. 
Both major and minor hysteresis loops have 
forms not previously observed and enable one 
to detect ferromagnetism and superconductivity 
when they exist. The molecular fields resulting 
from the interaction between Gd atoms, and the 
Curie points calculated therefrom by molecular 
field theory, increase with increasing tempera- 
ture; this is in accordance with the theory of 
long-range exchange forces developed by Brout. 


ELASTIC MODULI OF VANADIUM. G. A. Alers, 
Ford Motor Company, Scientific Laboratory, 
Dearborn, Michigan (Received April 21, 1960). 


Using the technique of zone melting by elec- 
tron bombardment, 3/8-in. diameter single 
crystals of vanadium were grown in a high vac- 
uum. Two crystals were prepared from seeds 
such that their lengths were parallel to the [100] 
and the {110] crystal directions. With these 
orientations, the elastic moduli C,,, C,,, and 
3(C,, -C,,) were measured directly from 4.2°K 
to 300°K using the ultrasonic pulse-echo tech- 
nique. The results are, in units of 10"" dyne 
cm™~, 





Temp. Ci Cu B(C yy - C2) 
300°K 22.795 4.255 5.460 
4.2°K 23.240 4.595 5.652 


The moduli at 4.2°K were used to calculate a 
Debye 6, of 399.3°K which disagrees with the 

6, of 338°K obtained from calorimetry. The 
room temperature moduli agree very well with 
all other determinations. The moduli were used 
to calculate a phonon frequency distribution 
which is compared with the distribution meas- 
ured by slow-neutron scattering. 


PHOTOCONDUCTIVITY IN GALLIUM SULFO- 
SELENIDE SOLID SOLUTIONS. Richard H. Bube 
and Edward L. Lind, RCA Laboratories, Prince- 
ton, New Jersey (Received April 25, 1960). 


The photoconductivity characteristics of solid 
solutions of GaSe and GaS have been investigated 
for proportions of GaS between 10% and 50%. The 
difference between the room temperature band 
gaps of GaSe and GaSe(50)- GaS(50) is 73% of the 
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total difference between the band gaps of GaSe 
(2.03 ev) and GaS (2.58 ev). The optical quench - 
ing energy and the thermal quenching energy of 
sensitizing centers are independent of the solid 
solution composition, thus giving additional evi- 
dence that these centers are associated with the 
crystal cation and that the photoconductivity ob- 
served is associated with holes. 


FINE STRUCTURE OF SHORT-LIVED STATES 
OF HYDROGEN BY A MICROWAVE-OPTICAL 
METHOD. IL. W. E. Lamb, Jr.,* and T. M. Sand- 
ers, Jr.,? Department of Physics, Stanford Uni- 
versity, Stanford, California (Received April 15, 
1960). 


A radio-frequency determination of the fine 
structure of excited states of hydrogen atoms is 
described. In this method the atoms are excited 
by electron bombardment so that they emit radia- 
tion. Transitions among the fine structure levels 
are induced by a radio-frequency electric field 
and are detected by the consequent change in in- 
tensity of the emitted radiation. A detailed theory 
of the method is presented and the experimental 
apparatus is discussed and described. Some pre- 
liminary results for the n=3 level of deuterium 
are AE - § =2934.5+10 Mc/sec, S =316.3+10 
Mc/sec, where AE is the separation 3 *P,,.-3"P,,., 
and s the separation 3 *S,,.-3 *P,,; these results 
are in agreement with predictions of quantum 
electrodynamics. 


*Present Address: University of Oxford, Oxford, 
England. 

TPresent Address: School of Physics, University of 
Minnesota, Minneapolis, Minnesota. 


FINE STRUCTURE OF SHORT-LIVED STATES 
OF HYDROGEN BY A MICROWAVE -OPTICAL 


METHOD. Il. L. R. Wilcox* and W. E. Lamb, Jr., f 


Department of Physics, Stanford University, 
Stanford, California (Received April 15, 1960). 


This article describes improvements in the 
apparatus used in Part I by Lamb and Sanders to 
determine fine structure separations in excited 
states n =3 and 4 of deuterium. Experimental 
and theoretical studies are made of the effects of 
environmental electric fields on the relative in- 
tensities of various resonances in order to obtain 
information about possible Stark shifts of the 
fine structure levels. The density matrix method, 
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used in Part I for two levels, is extended to N 
levels and is worked out more explicitly for the 
case of three levels. The splitting 3°S,,.-3°P,, 
is found to be 315.30+ 0.80 Mc/sec compared 
with a calculated value of 315.34 Mc/sec. Less 
precise measurements are made for other 
separations which are also in good agreement 
with theory. 


“Present address: Gordon McKay Laboratory, 
Harvard University, Cambridge, Massachusetts. 

tPresent address: University of Oxford, Oxford, 
England. 


PHOTOEFFECT FROM THE L SHELL. R. H. 
Pratt, Institute of Theoretical Physics, Depart- 
ment of Physics, Stanford University, Stanford, 
California (Received April 18, 1960). 


The differential cross section for photoeffect 
from an atomic shell is shown to be almost in- 
dependent of principal quantum number, apart 
from normalization, for energies well above 
threshold. The high-energy limits of the total 
cross sections for the three L subshells are cal- 
culated exactly with methods previously applied 
to the K shell, and extrapolations are made to 
cover the entire high-energy region. A procedure 
is indicated to account for the effects of electron 
screening. It is found that the contribution from 
the p subshells is not negligible in heavy ele- 
ments. Agreement with experiment is good. 


ANALYTIC WAVE FUNCTIONS. III. THE SPIN- 
ORBIT, SPIN-OTHER-ORBIT, AND SPIN-SPIN 
INTERACTIONS. R. G. Breene, Jr.,* Aero- 
sciences Laboratory, Missile and Space Vehicle 
Department, General Electric Company, Phila- 
delphia, Pennsylvania (Received October 26, 
1959; revised manuscript received March 23, 
1960). 


In two earlier papers we have described our 
methods and programs for calculations of cer- 
tain classes of atomic wave functions. In this 
paper we consider the application of the wave 
functions so obtained to the calculation of the 
spin-orbit, spin-other-orbit, and spin-spin in- 
teractions. As an example we consider oxygen 
with the electron distribution (1s )#(2s)?(2p)*. In 
first approximation we suppose the spin-orbit 
interaction diagonal in the wave functions of the 
Slater diagram. These calculations then remove 


the horizontal degeneracy from the diagram. We 
assume the Coulomb potential for the spin-orbit 
calculation and show the relative contributions 
of the nucleus and various type electrons to the 
result. Although the order of the splitting is as 
observed, the observed asymmetry is not ob- 
tained. In second approximation the off-diagonal 
elements of the spin-orbit interaction are in- 
cluded. The desired asymmetry of the fine 
structure is obtained, and the agreement with 
experiment is satisfactory. The spin-other- 
orbit and spin-spin interactions are calculated 
for the diagonal first approximation. 


*Consultant. Correspondence address: 2339 Phila- 
delphia Drive, Dayton, Ohio. 


INTERACTION OF 6- TO 14-Mev DEUTERONS 
WITH HELIUM-THREE AND TRITIUM. L. Stew- 
art, J. E. Brolley, Jr., and L. Rosen,* Los 
Alamos Scientific Laboratory, University of 
California, Los Alamos, New Mexico (Received 
April 25, 1960). 


The angular distributions of the cross sections 
for the T(d,n)He* and He*(d, p)He* reactions have 
been measured at five incident deuteron energies 
between 6 and 14 Mev. The data have been fitted 
with Legendre expansions. A search for excited 
states in He* near 22 Mev and for evidence of 
the formation of H* gave negative results. 


*Now a Guggenheim Fellow at le Centre d’Etudes 
Nucléaires de Saclay, France. 


STUDY OF (He*,d) AND (He*, ) REACTIONS IN 
LIGHT NUCLEI AT 25 Mev. H. E. Wegner and 
W. S. Hall, Los Alamos Scientific Laboratory, 
University of California, Los Alamos, New 
Mexico (Received April 28, 1960). 


Angular distributions for the Be%(He’*, d)B’°, 
Be*(He®, ¢)B®, C*(He*, d)N**, and Ca*°(He®, d)Sc* 
reactions were measured at 25 Mev and also at 
21 Mev for the carbon reaction. It was found 
that the angular distributions were strongly 
peaked forward, exhibited diffraction-like struc- 
ture, and were asymmetric about 90°. The 
minimal positions of the angular distributions 
could be fitted with spherical Bessel functions 
of the appropriate order J, the angular momen- 
tum transfer of the ingoing proton. This analysis 
resulted in the same interaction radius for var - 
ious levels in each of these reactions. The best- 
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fit interaction radius for each case was 6.17, 
5.91, 6.23, and 7.29 fermis, respectively. The 
Butler stripping theory was also fitted to the 
angular distributions; however, the average 
decrease of the angular distributions did not 
agree with the predicted decrease except in one 
case. The reactions exhibited the general char- 
acteristics of a direct process and could be 
predicted qualitatively with the simple form of 
direct interaction theories. The experimental 
equipment and the method of data analysis, 
using computer codes, are described. The 
ground-state @ values were measured for the 
Ca*(He®, d)Sc**, Ca*%(d,n)Sc*’, and O'*(He*, d)F?” 
reactions. @ values for levels excited by the 
Ca*°(He’, d)Sc*! reaction were also measured. 


DECAYS OF Rh? AND Ag’®. R. L. Robinson 
and F. K. McGowan, Oak Ridge National Labora- 
tory, Oak Ridge, Tennessee, and W. G. Smith, 
Purdue University, Lafayette, Indiana (Re- 
ceived April 11, 1960). 


The gamma-ray spectra of 30-sec Rh'® and 
8.3-day Ag’, which both decay to Pd’®, have 
been studied with scintillation spectrometers. 
Three gamma-gamma angular correlations 
have also been measured. The results are con- 
sistent with the following level scheme for Pd’: 
0.513 (2+), 1.131 (2+), 1.137 (0+), 1.360 or 1.213, 
1.563 (2+), 1.73 (2 or 3), 1.84, 1.88, 1.94 (3- or 
4+), 2.01, 2.052 (4+), 2.09 (3), 2.28, 2.305 
(3 or 4), 2.352 (4+), 2.46, 2.62, 2.764 (5-), 2.87, 
and 3.08 Mev. The transition between the first 
and second 2+ levels was found to consist pri- 
marily of E2 radiation. The branching ratio 
obtained for the cascade to crossover gamma 
rays from the second 2+ level is 2.1+0.3. This 
ratio combined with Coulomb excitation data of 
Stelson and McGowan gives a value of 1.0:0.3 
for the ratio B(E2, 2’ ~2)/B(E2, 2-0). 


ESTIMATE OF THE NUCLEAR MOMENT OF 
Ni* FROM ELECTRON SPIN RESONANCE. 

J. W. Orton, P. Auzins, and J. E. Wertz, School 
of Chemistry, University of Minnesota, Minne- 
apolis, Minnesota (Received April 22, 1960). 


The electron spin resonance spectra of nickel 
and cobalt have been studied in single crystals 
of MgO. Hyperfine structure was detected from 
the Ni®™ isotope in the spectrum of Ni* and the 
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hyperfine splitting constant A“ found to be 
(8.3+0.4)x10™ em. X irradiation of cobalt- 
containing crystals results in the formation of 
Co* (isoelectronic with Ni*?). The hyperfine 
splitting constant A® is (54.0+ 0.2)x10™ cm™. 
Comparison between A™® and A® yields a value 
of 0.30+ 0.02 nm for the nuclear spin of Ni®. 


SPONTANEOUS FISSION YIELDS OF Cf?*?. 

W. E. Nervik, Lawrence Radiation Laboratory, 
University of California, Livermore, California 
(Received April 21, 1960). 


A radiochemical investigation has been made 
of the fission yield curve for the spontaneous 
fission of Cf***. One source of 110°, another 
of 2x10", and a third of 7X10" fissions per 
minute were used to obtain the data. Thirty- 
six radioactive nuclides between mass numbers 
77 and 166 were separated, identified, and their 
fission yields calculated. Upper limits were 
set for nine other nuclides. The fission yield 
curve has maxima of 6.05% at masses 107 and 
141, with a “full width at 1/10 maximum” of 
each peak of approximately 27 mass units. There 
is a very narrow “trough” with a minimum value 
of £8x10"°% at mass number 124. In addition, 
while the curve as a whole is symmetrical about 
mass 124, each peak is not symmetrical about 
its own maximum, being significantly spread 
toward the most asymmetric fission modes. A 
small fine-structure peak was observed at mass 
113. No evidence was seen of activities that 
could be ascribed to ternary fission events, 
upper limits of 10*% fission yield being set for 
individual nuclides between mass numbers 28 
and 72. 


COMPETITION BETWEEN FISSION AND NEU- 
TRON EMISSION IN EXCITED HEAVY NUCLEI. 
Manfred Lindner, Lawrence Radiation Labora- 
tory, University of California, Livermore, 
California, and Anthony Turkevich, Enrico Fer- 
mi Institute for Nuclear Studies, University of 
Chicago, Chicago, Illinois (Received April 25, 
1960). 


The yields of the disintegration products of 
uranium and thorium bombarded with 340-Mev 
protons have been calculated from the intra- 
nuclear-cascade results of Metropolis et al. 
together with several alternative treatments of 
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neutron evaporation. Several different assump- 
tions concerning fission as a competing process 
were tested. The yields resulting from these 
different assumptions have been compared with 
the experimental results of Lindner and Osborne. 
The results point to the nonvariance of the quan- 
tity F,,/ fy with change in nuclear excitation in 
the energy range below 100 Mev. They also in- 
dicate that the model used for calculating these 
high-energy reactions in heavy nuclei is poor 
for estimating yields of nuclei very close to the 
target nucleus (previously noted) and of nuclei 
with charge much less than that of the target 
nucleus. This inadequacy appears to be asso- 
ciated with the cascade stage of the calculation. 


DEUTERON PHOTODISINTEGRATION IN THE 
MEDIUM ENERGY RANGE. Gustav Kramer and 
Carl Werntz, Institut fur Theoretische Physik 
der Universitat, Heidelberg, Germany, and 
School of Physics, University of Minnesota, 
Minneapolis, Minnesota (Received April 5, 1960). 


The photodisintegration of the deuteron is cal- 
culated for the two y-ray energies 52.3 Mev and 
77.3 Mev in the laboratory system correspond- 
ing to nucleon-nucleon scattering of 100 Mev and 
150 Mev in the laboratory system. For the 
ground state the Hulthén wave function with 4% 
D-state probability is used. The final state is 
described by the Signell-Marshak phase shifts. 
The coupling of the scattered waves is taken into 
account, as well as the retardation effects, and 
all dipole and quadrupole transitions are in- 
cluded. For unpolarized y rays the total cross 
section and the angular distribution are calcu- 
lated. A comparison with the experiment is 
made. 


ALPHA DECAY OF Np***. J. E. Gindler and D. W. 


Engelkemeir, Argonne National Laboratory, Ar- 
gonne, Illinois (Received April 25, 1960). 


The alpha decay of Np**® has been found to be 
complex. Four groups have been identified with 
energies of 4.864, 4.925, 5.015, and 5.095 Mev. 
The relative abundances of the respective groups 
are 0:8, 11.8, 83.6, and 3.8%. Hindrance fac- 
tors calculated on the basis of a 7 10*-year 
alpha half-life for Np**® are 35, 6.1, 3.3, and 
250, respectively. The electron capture decay 
energy of Np**® has been determined to be 163 


+16 kev based on a closed cycle calculation and 
the assumption that the 5.095- Mev alpha transi- 
tion is to the ground state of Pa?*!, 


ANGULAR CORRELATION OF ANNIHILATION 
RADIATION IN SULFUR AND ITS COMPOUNDS. 
P. Colombino, I. Degregori, L. Mayrone, and 
L. Trossi, Istituto di Fisica, Universita di 
Torino, Torino, Italia, and S. DeBenedetti, 
Carnegie Institute of Technology, Pittsburgh, 
Pennsylvania (Received April 11, 1960). 


The angular correlation of annihilation radia- 
tion in elemental sulfur and in several sulfur 
compounds was found to be practically the 
same in all samples studied. The observed 
correlation is similar to that observed with 
chlorine salts; a similarity that, in some cases 
at least, may be correlated to the similarity of 
the ions Cl” and S~~. 


MULTIPLE-SCATTERING CORRECTION FOR 
PROTON RANGES AND THE EVALUATION OF 
THE L-SHELL CORRECTION AND J VALUE 
FOR ALUMINUM. Hans Bichsel* and Edwin A. 
Uehling, University of Washington, Seattle, 
Washington (Received April 14, 1960). 


Multiple-scattering corrections to proton 
range-energy measurements are discussed. 
Curves are plotted which give the fractional 
transmission of protons through a finite thick- 
ness of stopping material as a function of the 
initial proton energy and for various values of 
the ratio of the straggling and multiple-scatter - 
ing parameters. An application of these results 
to particular experimental situations shows that 
the Moliere multiple-scattering distribution 
gives a nearly correct representation of the 
experimental data on transmission and that a 
simple exponential distribution is not satisfac- 
tory. The case of straggling in gold is dis- 
cussed in detail. Application of the results to 
the experimental range-energy relation in alumi- 
num for protons of energy lying between 1 and 
20 Mev is made. The experimental ranges can 
be described consistently with a mean excitation 
potential J=163 ev and with reasonable values. 
of the L-shell binding energy correction. 


*Now at the University of Southern California, 
Los Angeles, California. 
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CROSS SECTION FOR THE REACTION C'“(y,n) 
AT 6.4 Mev. R. D. Edge, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, and the 
University of South Carolina, Columbia, South 
Carolina (Received April 25, 1960). 


Using radiation from the F'*(p, ay) reaction at 
874-kev proton energy, the cross section for the 
reaction C**(y,m) was found to be 94.1+ 10 micro- 
barns. The neutrons emitted from a target en- 
riched in C** were detected by an arrangement 
of BF, counters embedded in wax to give a 47 
geometry. 


NEUTRONS FROM THE He* BOMBARDMENT 
OF O** AND Mg™. F. Ajzenberg-Selove, Haver- 
ford College, Haverford, Pennsylvania and K. L. 
Dunning, Nucleonics Division, U. S. Naval Re- 
search Laboratory, Washington, D. C. (Received 
April 25, 1960). 


A thin target of magnesium oxide enriched in 
Mg™ was bombarded by 5.52-Mev He® particles. 
The outgoing neutrons were measured by the 
method of proton recoils in photographic emul- 
sions. The ground-state Q value of the O'*(He°, 
n)Ne’® reaction is determined in this experiment 
to be -3.19+0.04 Mev. The Q value of the 
Mg”*(He®, n)Si*® ground-state reaction is 0.08 
+0.08 Mev. The mass of Si*® is then 25.99232 
+ 0.00007 amu (C™ standard). In addition, ex- 
cited states of Si** at 1.78+ 0.06 and 2.79+ 0.08 
Mev have been observed. Angular distributions 
of these four neutron groups and of the C'*(He°, 
n)O“ ground-state group are also reported: in 
all but one case, the distributions are peaked in 
the forward direction. 


CHARGED PARTICLES FROM THE 14-Mev 
NEUTRON INTERACTION WITH ZIRCONIUM. 
Se Hee Ahn,* J. R. Hearst,! J. H. Roberts, 

and E. N. Strait, Northwestern University, 
Evanston, [Illinois (Received November 5, 1959; 
revised manuscript received May 23, 1960). 


This experiment was performed in order to 
investigate the mechanism of the zirconium 
(n, p) and (n,np) reaction at 14 Mev. The energy 
distribution of particles interpreted as protons 
is found to peak at about 2 Mev. The cross sec- 
tion for charged particle emission was found to 
be 87+22 mb. The angular distribution below 
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8 Mev is consistent with the compound nucleus 
model, but above 8 Mev a forward peak is ob- 
served. 


"Present address: Yonsei University, Seoul, Korea. 
tPresent address: Lawrence Radiation Laboratory, 
Livermore, California. 


PHOTOPRODUCTION OF K* MESONS IN HY- 

DROGEN. H. M. Brody,* A. M. Wetherell,t and 
R. L. Walker, California Institute of Technology, 
Pasadena, California (Received April 29, 1960). 


The photoproduction of K* mesons in hydrogen 
has been measured with the purpose of extending 
the previous CalTech measurements to smaller 
angles, and obtaining better absolute values for 
the cross sections. The technique of Donoho and 
Walker, using a magnetic spectrometer and a 
time of flight measurement to detect the K* mes- 
ons, was modified so as to achieve a better dis- 
crimination against pions and scattered protons. 
The results obtained are in fairly good agree- 
ment with the more extensive measurements 
made at Cornell by a somewhat different method. 


. 
Now at the University of Pennsylvania, Philadelphia, 
Pennsylvania. 
TNow at CERN, Geneva, Switzerland. 


PHOTOPRODUCTION OF NEGATIVE AND 
POSITIVE PIONS FROM DEUTERIUM FOR 
PHOTON ENERGIES 500 TO 1000 Mev. Gerry 
Neugebauer, Walter Wales, * and R. L. Walker, 
California Institute of Technology, Pasadena, 
California (Received April 1, 1960). 


The ratio of the yields of negative and positive 
pions photoproduced in deuterium has been 
measured at six photon energies between 500 
and 1000 Mev and at seven angles between 20° 
and 160° in the center-of-momentum system of 
the photon and target nucleon. Pions were 
selected with a magnetic spectrometer and 
identified using momentum and specific ioniza- 
tion in a scintillation counter telescope. The 
spectator model of the deuteron was used to 
identify the photon energy. Statistical errors 
assigned to the 7~/n* ratio range between five 
and fifteen percent. The results of the present 
experiment join smoothly with the low-energy 
1~/n* ratios obtained by Sands et al. At high 
energies the 1~/n+ ratio varies from 0.5 at 
forward angles and energies near 900 Mev to 
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2.5 at 160° c.m. and energies 600 to 800 Mev. 
The cross sections for 1~ photoproduction from 
neutrons have been derived from the 1~/n* ratio 
and the CalTech m* photoproduction data. The 
angular distributions for 7~ production are con- 
siderably different from those for 1°; there is, 
for example, a systematic increase at the most 
backward angles. The energy dependence of the 
total cross section for 7~ is similar to that for 
n*, although the second resonance peak occurs 
at a slightly lower energy, and at 900 and 1000 
Mev the 7” cross section is smaller by a factor 
1.6. A comparison is made of the cross sections 
for 7* photoproduction from hydrogen and 
deuterium, although the accuracy of this com- 
parison is not high. 


_ 
Now at University of Pennsylvania, Philadelphia, 
Pennsylvania. 


EXPERIMENT ON CHARGE INDEPENDENCE 

IN INTERACTIONS OF NUCLEONS AND PIONS. 
D. Harting, J. C. Kluyver, A. Kusumegi,* R. 
Rigopoulos,t A. M. Sachs,! G. Tibell, G. Vander- 
haeghe, and G. Weber, CERN, Geneva, Switzer- 
land (Received April 18, 1960). 


The ratio (R) of the differential cross sections 
of the reactions p+d-H*+2* and p+d—He*+ 7° 
has been measured at a bombarding energy E 
=591 Mev. The He* and H® nuclei are detected 
by the combination of magnetic deflection, time- 
of-flight measurement, and pulse-height selec- 
tion. The results are R=2.2620.11, 2.10+0.14, 
and 2.05+ 0.09 at c.m. angles of the heavy par- 
ticles of 52°, 67°, and 143°, respectively. The 
agreement with the predictions of charge inde- 
pendence is satisfactory when the Coulomb and 
mass corrections are taken into account. 

*Now at University of Kyoto, Kyoto, Japan. 

tNow at University of Birmingham, Birmingham, 
England. 

tOn leave from Columbia University, New York, 
New York. 


INTERACTIONS OF 125-Mev K* MESONS IN 
NUCLEAR EMULSION. O. R. Price,* D. H. 
Stork, and H. K. Ticho, Department of Physics, 
University of California, Los Angeles, Cali- 
fornia (Received April 11, 1960). 


An experimental study of the elastic, inelastic, 
and charge-exchange scattering of Kt mesons 


in nuclear emulsion has been made based on 100 
meters of track at an average beam energy of 
125 Mev. The elastic scattering and total cross 
sections have been used in a diffuse surface 
optical model calculation and the inelastic dis- 
tribution has been analyzed by Monte Carlo 
techniques. With the assumption of S-wave 
scattering for the T=1 K* nucleon state and S- 
and P-wave scattering for T=0, two best-fit 

T =0 phase-shift solutions have been found for 
two different radius parameters. The dependence 
upon radius is small and the P-wave phase shifts 
seem to be important at this energy. 


“Present address: Hughes Aircraft Company, 
Culver City, California. 


SPIN-ORBIT FORCE AND A NEUTRAL VECTOR 
MESON. J. J. Sakurai, The Enrico Fermi Insti- 
tute for Nuclear Studies and the Department of 
Physics, University of Chicago, Chicago, IIli- 
nois (Received April 18, 1960). 


The coefficient of (6,+6,)-# in the pp scatter- 
ing amplitude at 310 Mev can be completely ac- 
counted for by a strongly interacting neutral 
vector meson (or a sharp three-pion resonance 
in the T=0, J=1 state) of mass =3u,-4u,- 


ENERGY DEPENDENCE OF THE NUCLEON- 
NUCLEON PHASE SHIFTS. H. Pierre Noyes, 
Lawrence Radiation Laboratory, University of 
California, Livermore, California (Received 
April 12, 1960). 


Starting from the analytic structure of partial 
wave amplitudes predicted by the Mandelstam 
representation, relativistic formulas are de- 
rived for the energy dependence of the phase 
shifts for nucleon-nucleon scattering, neglect- 
ing inelastic processes. These formulas depend 
on integrals over functions defined by a (numer- 
ically) soluble integral equation whose kernel is 
determined from the absorptive part of the am- 
plitude in the nonphysical region. The contribu- 
tion to this kernel from single-pion exchange is 
explicitly exhibited and the contribution from 
two-pion exchange is calculable. A generaliza- 
tion of the formulas to include phenomenological 
constants representing the unknown contribution 
of multimeson and other particle exchanges is 
given. The dependence of the phase shifts on 
these parameters is sufficiently simple to allow 
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the formulas to be used for the least-squares 
fitting of empirical data. Further, these con- 
stants can be varied independently, and as much 
empirical information as is desired can be in- 
corporated into the formulas without destroying 
this independence. In the case of coupled states, 
the phenomenological formulas satisfy unitarity 
only approximately; this approximation can be 
removed by a subsidiary calculation, which de- 
stroys the independence of the parameters for 
these states. Because of the neglect of inelastic 
processes, the range of validity of the formulas 
is expected to be from 0 to approximately 400 
Mev. 


MAXIMAL EXTENSION OF SCHWARZSCHILD 
METRIC. M. D. Kruskal, * Project Matterhorn, 
Princeton University, Princeton, New Jersey 
(Received December 21, 1959). 


There is presented a particularly simple 
transformation of the Schwarzschild metric into 
new coordinates, whereby the “spherical singu- 
larity” is removed and the maximal singularity- 
free extension is clearly exhibited. 


“On leave 1959-60 at Max Planck Institute fiir 
Astrophysik, Miinchen, Germany. 


DISPERSION RELATIONS FOR PION-HYPERON 
PRODUCTION AND A POSSIBLE PION-HYPERON 
RESONANCE. Richard H. Capps, Laboratory of 
Nuclear Studies, Cornell University, Ithaca, New 
York (Received April 18, 1960). 


Approximate P-wave dispersion relations are 
derived, but not proved, for the processes 
K+N-—n+ > (or A) under the assumption that all 
pion-baryon and K-baryon interactions are of the 
odd intrinsic parity, Yukawa type. By compar- 
ing these equations with the analogous equations 
for pion-hyperon scattering, it is shown that a 
low-energy resonance is likely to occur ina 
particular combination of the isotopic spin one, 
Py, ™+A and 1+ scattering states, and this 
resonance should be recognizable in the 7+ Y 
production processes. Despite complications 
associated with the unphysical region in the 7+ Y 
production dispersion relations, and with the 
fact that the K interactions are moderately strong, 
the resonance should occur in the production pro- 
cess in a direct and simple way. Measurements 
of the cross section for production of this reso- 
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nance state can give information about the 
strengths of the strong interactions, particularly 
the pion-baryon interactions. The present ex- 
perimental evidence concerning the existence of 
such a resonance effect in 7+Y production is 
favorable, but inconclusive. A short discussion 
is given of the additional experimental informa- 
tion needed to test the resonance hypothesis. 


BOUND STATES AND DISPERSION RELATIONS. 
R. Blankenbecler and L. F. Cook, Jr., Princeton 
University, Princeton, New Jersey (Received 
April 13, 1960). 


A vertex closely related to the Bethe-Salpeter 
amplitude for two particles is discussed in the 
one-meson approximation by dispersion theory 
methods. Scalar and spinor particles are both 
treated. The relation between anomalous thresh- 
olds and the Schrédinger equation is discussed 
in some detail. It is shown that dispersion 
methods may be used to determine bound-state 
parameters. An estimate is made of the asymp- 
totic (D-S) ratio for the deuteron. 


APPLICATION OF DISPERSION RELATIONS 
TO MESON-NUCLEON SCATTERING. Albert C. 
Finn, Department of Physics and Laboratory 
for Nuclear Science, Massachusetts Institute 

of Technology, Cambridge, Massachusetts (Re- 
ceived February 1, 1960). 


Relativistic nonforward scattering dispersion 
relations are used to obtain information about 
low-energy meson-nucleon scattering. It is 
determined which of the s-, p-, and d-wave 
phase shifts are predicted by dispersion theory. 
Charge independence is assumed. The form of 
the dispersion relations used is justified by 
relating the asymptotic energy dependence of 
the dispersion relation amplitudes to the as- 
sumption of a finite range of interaction and to 
the choice of a particular meson current and the 
usual equal-time commutation relations. The 
relevance of the analytic properties of the scat- 
tering amplitude as a function of momentum 
transfer is discussed in connection with the 
partial wave expansion of the dispersion ampli- 
tudes. The contribution to the dispersion inte- 
grals from energies above the 33 resonance is 
estimated. 
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ANALYTIC STRUCTURE OF COLLISION AMPLI- 


TUDES IN PERTURBATION THEORY. Richard J. 


Eden, * Institute for Advanced Study, Princeton, 
New Jersey, and Lawrence Radiation Laboratory, 
University of California, Berkeley, California 
(Received April 27, 1960). 


Some methods are developed for studying the 
singularities of collision amplitudes in pertur- 
bation theory as functions of two of the invariant 
energies, s, ¢, andu. It is shown that: (i) There 
are no Singularities other than normal thresholds 
in the physical regions of the physical sheet. 

(ii) For the equal-mass case there are no singu- 
larities in the Euclidean region of the physical 
sheet. (iii) The only straight lines of singulari- 
ties on the real boundary of the physical sheet 
are normal singularities in the equal-mass case, 
and in the general-mass case are either normal 
singularities or they intersect the Euclidean 
region. (iv) The curves of singularities on the 
real s,¢ plane in the physical sheet do not con- 
nect to surfaces extending into the region s real, 
t complex except at turning points of the curves. 
(v) Turning points of curves of singularities in 
the physical sheet may occur either when suffi- 
cient coincident singularities become also end- 


point singularities, or when there is an accidental 
relation between the Feynman variables at coin- 
cident singularities. The former correspond to 
anomalous thresholds; the latter are called 
spurious turning points. (vi) For the equal- 
mass case there are no anomalous thresholds 
and no anomalous turning points in the curves 

of singularities. (vii) Spurious turning points 

do occur in negative spectral regions, but here 
it appears that they may not lead to complex 
singularities on the physical sheet. There are 
no spurious turning points in positive spectral 
regions in low orders in perturbation theory and 
to all orders for some types of diagram. It is 
plausible that there are none for any diagram, 
but this is not proved. 

The relation of this work to the Mandelstam 
representation is discussed. All the proven re- 
sults in this paper are consistent with this 
representation. Some points are noted which 
require further investigation befor the validity 
of the representation can be established to all 
orders in perturbation theory. 

“on leave of absence from Clare College, Cambridge, 
England. Present address: Lawrence Radiation 


Laboratory, University of California, Berkeley, 
California. 
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